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PEEFACE 


The  authore  have  prepared  this  book  in  the  belief  that 
physics  should  be  so  taught  as  to  be  a  desirable  and  even 
eBsential  subject  for  every  pupil  in  the  secondary  schools. 
In  its  preparation  they  hare  therefore  devoted  much  study 
to  the  conditions  which  obtain  in  the  schools  at  the  pres- 
ent time,  and  have  endeavored  to  meet  them. 

The  hook  is  designed  to  provide  a  year's  vork  for  the 
class  room,  and  only  such  matter  has  been  introduced  as 
is  deemed  appropriate  for  pupils  of  the  high-school  age 
md  attainments.  Laboratory  exercises,  questions,  and 
problems  given  in  a  text-book  are  manifestly  inadequate 
and  unsatisfactory.  The  authors  have  therefore  thought 
it  preferable  not  to  foUov  that  course,  but  to  amplify  and 
make  more  thorough  this  part  of  the  study  in  a  separate  ' 
Tolnme,  which  is  published  under  the  title  Physical  Ex- 
periments, and  is  to  he  used  concurrently  with  the  text- 
book. 

The  relations  of  physios  on  all  sides  to  human  life  and 
human  interests  have  been  emphaeized.  A  text-book  is 
mnch  more  readable  if  the  material  for  the  laboratory  work 
is  excluded  from  it.  The  text-book  comprises  the  infor- 
mational part  of  the  subject,  and  the  authors  in  this  vol- 
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time  have  imparted  to  it  much  warmth  and  interest.  The 
laboratory,  on  the  other  hand,  deals  with  indnctiouB  and 
Teriflcationa,  and  its  chief  pnrpoBe  is  to  make  knowledge 
real.  Both  the  laboratory  and  the  clasB-room  work  are 
essential  to  a  correct  knowledge  of  elementary  physics, 
and  they  ahonld  correlate  in  such  a  manner  as  to  make 
the  acquisition  of  that  knowledge  interesting  as  well  as 
thorough.  The  work  has  been  prepared  with  these  eseen- 
tiale  in  view. 

In  the  text-book  the  subject  has  been  further  human- 
ized by  the  introduction  of  a  few  portraits,  with  brief 
sketches  of  the  men  who,  by  their  researches,  have  con- 
tributed much  to  our  knowledge  of  physics. 

A  further  merit  of  the  work  is  that  the  volume  is  com- 
pact. The  subject-matter  has  been  so  disposed  as  to  be 
most  convenient  for  class  ezercises  and  for  the  arrange- 
ment of  a  study  plan.  A  sapplement  in  pamphlet  form, 
containiBg  helpful  suggestiotiB  to  teachers  using  the  book 
for  the  first  time,  has  been  prepared,  and  will  be  furnished 
without  charge. 

Auffttat,  1900. 
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PHYSIOS:  THE   SCIENCE   OF  ENERGY 


TBX  COSTKST  OT  POYSICS 

1.  Tlw  Two  Element!  in  Phyiioal  Soieiioe.— Let  ns  call 
up  before  as  ii  series  of  occurrences  in  the  outer  world : 

An  express  train  dashes  past  u£.  A  vaterfall  plunges 
over  a  precipice.  A  breath  of  wind  blows  against  onr  faces. 
A  bird  sings  in  the  hrauch  above  ub.  A  tree  falls  in  the 
forest.     A  boy  throws  a  ball.     A  child  picks  a  flower. 

These  several  eTcnts  are  apparently  very  unlike.  They 
seem  at  first  sight  to  have  nothing  in  common ;  hut  when 
we  look  closer  and  reduce  them  to  their  Bimplest  possible 
terms,  we  see  that  they  are  in  reality  very  much  alike.  Each 
event  contains  the  same  two  elements,  matter  and  motion, 
and,  from  a  physical  point  of  view,  that  is  all.  Back  of  the 
matter  and  motion  there  may  he  motive  and  purpose,  hut 
we  can  only  infer  these.  Our  senses  make  direct  report 
only  of  matter  and  motion.  Thei'e  are  different  Bort«  of 
matter  and  different  degrees  of  motion,  hut  the  whole  event 
in  each  case  shows  only  these  as  the  final  enter  content. 

The  study  of  natural  events  is  therefore  the  study  of 
matter  and  motion,  and  we  must  start  ont  with  clear  gen- 
eral ideas  concerning  these  two  elements. 

3.  Xattei  may  he  defined  for  the  present  as  that  which  . 
occnpies  space.  It  naturally  prevents  anything  else  from  ; 
occupying  the  same  space.     Hence,  the  essential  properties 
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of  matter,  or  those  properties  without  which  we  can  not  t 
conceive  matter  to  exist,  are  extension  and  impenetrability. ' 

Matter  makes  itself  known  to  ua  by  the  testimony  of  the 
senses.  We  see  it,  hear  it,  smell  it,  taste  it,  tonch  it.  But 
observe  that,  after  all,  this  is  indirect  testimony.  These 
impressions  are  all  of  them  simply  brain  impressions.  We 
see,  hear,  smell,  taste,  touch,  in  our  consciousnesB  only.  We 
can  not  assert,  therefore,  that  matter  exists  apart  from  this 
consciousness.  Scieiice  has  nothing  to  say  about  the  ulti- 
mate nature  of  matter.  Science  studies  matter  simply  as  a 
tact  of  human  experience. 

3.  Three  States  of  Matter. — Matter  manifests  itself  in 
throe  states — as  solid,  liqnid,  and  gas.  These  states  of  mat- 
ter, as  well  as  many  of  its  motions,  are  best  explained  by 
assuming  that  matter  is  made  up  of  extremely  small  par- 
ticles, or  units,  which  are  called  molecules.  We  shall  study 
these  later  somewhat  more  in  detail. 

Solids,  at  the  same  temperature,  have  nearly  constant 
volume  and  approximately  constant  form.  Their  molecules 
are  so  bound  together  that  they  can  not  change  their  rela- 
tive positions  except  within  very  small  limits. 

Liquids,  at  the  same  temperature,  also  have  nearly  con- 
stant volume,  but  take  at  once  the  form  of  the  vessels  which 
contain  them.  Their  molecules  are  free  to  move  among 
tbemselves,  but  are  not  free  to  fly  apart. 

Oases  have  neither  constant  volume  nor  constant  form. 
In  consequence  of  the  perfect  mobility  of  their  molecules, 
they  will  occupy  any  space  into  which  they  may  be  intro- 
duced, whatever  its  volume  or  form. 

Liqnids  and  gases,  on  account  of  the  freedom  of  mo- 
tion possessed  by  their  molecules,  are  classed  together  as 
Jluids. 

4.  The  ThrM  StotM  OoBtinooas. — It  mast  not  be  thonght 
for  a  moment  that  matter  is  sharply  divisible  into  solids, 
liquids,  and  gases.  On  the  contrary,  these  are  only  names 
for  typical  forms  of  matter.     Within  the  same  state  wo  find 
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wide  variationB  from  the  type,  and  even  between  the  three 
states  theniBelves  we  can  set  up  no  hard-and-fast  lineB. 

5.  Eadiaat  Hatter. — It  has  heen  thought  that  matter 
may  exist  in  Btill  a  fonrth  state,  and  for  this  the  name 
radiant  matter  has  been  proposed.  It  represents  extreme 
dilution  and  mobility,  and  bears  somewhat  the  same  rela- 
tion to  gases  that  gases  do  to  liquids.  We  shall  study  it 
later,  when  we  come  to  consider  Crooke's  tubes. 

O.  Xotion  ia  change  of  position — a  simple  definition,  but  j 
one  which  involves  nearly  the  whole  drama  of  Nature.  I 

The  absence  of  motion  is  restj^  ^ 

We  can  only  know  whether  a  particle  is  in  motion  or  at 
rest  by  comparing  it  with  some  other  particle  whose  condi- 
tion is  known.  But  this  in  turn  can  only  be  known  by  a 
comparison  with  a  third  particle,  and  so  on  indefinitely.  In 
the  absence  of  any  fixed  reference  point  in  the  whole  uni- 
verse, we  can  only  know  relative  motion  and  relative  rest. 

7.  Man  Xotion  and  Holeoolar  Hotion. — The  motion  of  a^ 
body  may  be  either  of  the  whole,  giving  ns  mass  motion ;  or 
it  may  be  of  the  parts,  giving  us  molecular  motion. 

When  the  motion  is  of  the  whole,  and  not  too  rapid,  as 
when  an  apple  falls  to  the  ground  or  a  ball  is  thrown  through 
the  air,  we  can  directly  watch  the  change  of  position.  When 
the  motion  is  too  rapid  for  that,  as  in  the  passage  of  a  can- 
non ball,  we  can  still  observe  indirectly  the  change  of  posi- 
tion by  observing  the  body  first  in  one  place  and  then  in 
another. 

If  the  motion  is  confined  to  the  parts,  it  is  more  difiicnlt 
to  realize  it.  The  body,  as  a  whole,  stands  still,  and  we  can 
not  see  the  motion  of  the  molecules.  But  this  molecular 
motion  is  quite  as  important  as  the  mass  motion,  since  it  is 
the  source  of  all  heat  and  light,  and  of  much  that  is  most 
interesting  and  beautiful  in  Xature.  It  is  a  motion  which 
can  not  be  observed  directly,  hut  nevertheless  our  knowl- 
edge of  it  is  almost  as  definite  and  accurate  as  our  knowl- 
edge of  the  larger  visible  movements.  • 
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8.  7oroe, — The  tinmaii  mind  haa  grown  into  the  habit 
of  hunting  for  caoBes  back  of  all  events.  Motion  is  a  very 
striking  event.     The  mind,  therefore,   following   ita   old 

,  habit,  haa  long  hnnted  for  a  cause  of  motion.  It  has 
j  found  none.  It  has,  however,  imagined  a  cause,  and  called 
'  it  Forct. 

\  Force  may  be  defined  as  that  which  produces  motion  or 
"  pressure. 

I  We  shall  have  occasion  from  time  to  time  to  use  the 
term  Force,  but  we  aball  always  have  in  mind  the  observ- 
able reality,  motion. 

9.  Energy. — A  body  in  motion,  or  a  body  in  such  a  posi- 
tion that  it  is  capable  of  motion,  ia  aaid  to  possess  Energy. 
The  motion  may  be  either  mass  motion  or  molecular  mo- 

!  tion :  the  term  Energy  applies  to  both, 

I        A  body  can  lose  energy  only  by  giving  its  motion  to  some 

■  other  body,  whose  total  motion  will  thus  be  increased.     A 

body  never  loses  all  of  its  energy  because  it  never  loses  all 

of  its  motion. 

The  term  "  energy  "  is  not  open  to  the  same  objection 
.  that  "  force  "  is.     It  is  permissible  to  speak  of  the  visible 

universe  as  a  manifestation  of  energy. 

10.  Hatter  and  Hotioit, — It  is  convenient  for  the  pur- 
pose of  study  to  speak  of  matter  and  motion  as  being  the 
two  elements  in  every  event.  But  in  Xature  the  two  are 
not  thus  separated.  Matter  is  always  endowed  with  motion, 
and  we  only  know  motion  as  manifested  in  matter.  When 
we  grow  wiser,  we  shall  study  the  two  as  one  experience. 
They  are  summed  up  in  the  term  Energy. 

11.  PhyuOB. — The  study  of  events  in  terms  of  the  mat- 
ter and  motion  involved  in  them  constitutes  physical  sci- 
ence. If  we  direct  our  attention  chiefly  upon  matter,  we 
have  that  aspect  of  physical  science  known  as  Chemistry. 

Chemistry  ia  the  study  of  the  composition  of  matter. 
If  our  attention  be  concentrated  upon  the  motion,  we 
have  that  aspect  of  the  science  known  as  Physics. 

Cioogic 
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PhyBice  is  the  etndj  of  motion,  and  deiUs  vith  matter 
only  aa  the  carrier  of  motion. 

PIiyBics  is  BometimeB  de&ned  aB  the  science  of  the  prop- 
ertiOE  of  matter,  since  theBe  depend  npon  its  motions.  It  is 
also  defined  as  the  study  of  tlie  forces  manifested  in  matter. 
Perhaps  it  is  best  defined  as  the  Science  of  Energy,  or  the 
study  of  matter  in  motion. 

13.  Hetapbynes. — Turning  back  for  a  moment  to  the 
random  Beries  of  events  named  in  the  opening  paragraph, 
we  see  that  in  addition  to  the  matter  and  motion  involved  in 
them,  there  is  in  some  of  them  a  certain  human  element, 
or  what  we  may  call  a  thought  element.  The  express  train 
represents  a  certain  amount  of  matter  mo^dug  in  a  certain 
direction  at  a  certain  rate  of  speed,  but  it  also  represents 
the  intelligence  which  shapes  and  guides  it,  and  the  pur- 
pose which  prompts  the  event.  It  is  the  same  with  the  boy 
throwing  the  ball,  and  with  the  child  picking  the  flower. 
This  something,  outside  the  matter  and  motion  of  the  event, 
which  we  have  called  the  motive,  does  not  fall  within  the 
province  of  physics.  It  belongs  to  the  domain  of  Meta- 
physics. 

Metaphysics  seeks  to  find  a  theory  of  reality.  Physics 
does  not  attempt  so  difficult  a  search  :  it  limits  itself  to  the 
study  of  matter  in  motion,  to  the  stndy  of  things  as  we  see 
them,  and  is  not  at  all  concerned  with  the  underlying  real- 
ity. We  are  not  concerned  in  physics  with  what  things 
really  are,  but  solely  with  their  properties  and  behavior. 
Physics  neither  offers  nor  seeks  an  explanation  of  the  uni- 
verse.    It  leaves  all  such  problems  to  metaphysics. 

13.  The  Xternal  "11017,"— We  shall  not,  therefore,  find 
in  physics  any  answer  to  the  questions:  What  is  matter? 
What  is  motion  ?  What  is  heat,  light,  electricity  ?  Physics 
defines  them,  but  it  does  not  tell  what  they  are,  for  it  does 
not  know.  Yet  we  shall  try  to  show  throughout  the  book, 
and  notably  in  the  concluding  chapters,  that  the  whole  value 
of  physics  is  human.  It  is  worth  studying,  just  because  it 
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does  make  onr  world  larger  and  more  orderly  and  more 
beaatiful,  and  not  because  physical  facts  have  any  valne  in- 
dependent of  their  human  application. 

Pkobleub. — 1.  Belect  five  events  &nd  analyze  them  into  their 
matt«r  and  motion  content. 

2.  Nome  one  event  containing  a  thought  element  and  analyze  as 
before.  Can  the  thought  element  be  ezpressed  in  terms  o(  matter 
and  motion  I 

8.  If  a  monkej  sit  on  top  of  a  pole,  and  always  face  a  man  who 
walkH  around  the  pole,  with  hie  (ace  always  turned  toward  the 
monkey,  can  the  man  be  said  to  walk  around  the  monkey  t 

4.  Are  the  hub  and  the  rim  of  a  carriage  wheel  relatively  in 
motion  or  at  rest  ? 

0.  When  the  diooer  bell  ringe,  is  it  a  case  of  mass  or  molecular 
motion  ? 

6.  Can  you  name  any  fact  of  which  you  are  absolutely  sure ! 


Emeraon'H  Bssay  on  Nature. 

First  Steps  in  Philosophy:  William  M.  Salter. 
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CHAPTER  n 

TBS  COMSTl TVTl ON  OT  tSATTXR 

Al^ABATtn:  SpecimenB  of  chemical  elements  and  of  simple  and  compounil 
bodies.  Oand  H  generatareorcjlindeis.  Eudiometer  tube.  Hofitean 
apparatUB  for  decompodng  water,  and  a  BUltable  batter;. 

14,  The  Prorlno*  of  Fhynoi. — We  have  defined  matter 
as  that  Thich  occnpiee  Bpace,  and  prerents  anything  else 
from  occnp^g  the  same  apace.  It  is  made  manifest  to  us 
throQgh  the  senses. 

Now,  physics  does  not  deal  with  matter  as  such.  That 
is  the  province  of  chemistry.  But  physics  does  deal  with 
matter  as  the  carrier  or  vehicle  of  motion,  and  for  this  pur- 
pose must  inquire  very  carefully  into  the  constitution  of 
matter. 

15.  Bimple  and  Compoiuid  Bodies — We  know  matter  as 
solid,  liquid,  and  gas.  We  can  make  many  suhstances — 
Buch  as  water,  for  example — pass  through  all  these  three 
states.  Bnt  if  our  power  ends  here,  and  we  can  not  add 
or  subtract  anything,  the  water  remains  a  stubborn  fact 
in  whatever  state  it  exists. 

We  do  obaerre,  however,  a  marked  difference  in  the  be- 
havior of  Bubetances.  Some  of  them  can  not  by  any  means 
now  at  onr  command  be  separated  into  different  BubBtances 
or  constituents.  We  can  get  but  one  thing  out  of  such  a 
Bubstance,  and  that  is  itself.  Matter  which  is  thus  incapa> 
ble  of  analysis  into  anything  else  is  called  a  chemical  tAe- 
TMiU.  There  are  about  seventy  elements  so  far  discovered. 
A  list  of  them  will  be  found  at  the  end  of  the  chapter. 
7 
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Bnt  there  are  other  forms  of  matter  which  may  be  sepa- 
rated into  two  or  more  elementary  constituents,  and  are 
therefore  called  compounds.  Their  number  is  infinite,  but 
they  all  consist  of  combinations  of  the  seventy  elements. 
These  compounds  form  nearly  all  the  substances  met  with 
in  erery-day  life,  such  as  water,  foods,  wood,  cloth,  stone, 
brick,  etc. 

16.  Atomi  and  Kolecalei. — We  have  no  direct  proof  that 
matter  is  built  up  of  distinct  particles  or  units.  As  far 
as  we  can  see,  it  ia  perfectly  continuous,  and  occupies 
all  of  the  space  that  it  seems  to  occupy.  Bnt  certain 
considerations — such  as  its  contraction  and  expansion,  the 
capacity  of  certain  liquids  to  dissolve  solids  and  gases, 
the  ability  of  nearly  all  fluids  and  of  some  solids  to 
transmit  light,  and  many  other  phenomena  which  imply 
a  large  mobility  in  matter — have  led  to  the  thought 
that  matter  is  made  up  of  definite  particles  or  units,  and 
for  these  the  names  atoms  and  tnolecuies  have  been  pro- 
posed. 

The  atom  is  the  smallest  quantity  of  an  element  that 
can  exist.  It  is  indivisible  and  indestructible.  Atoms  of 
different  elements  have  different  weights.  These  are  the 
so-called  atomic  weights  of  chemistry. 

The  molecule  contains  one  or  more  atoms,  and  is  the 
smallest  quantity  of  matter  that  can  have  a  separate  exist- 
ence. When  the  atoms  are  alt  alike,  the  molecule  is  ele- 
mentary, and  the  substance  which  it  forms  is  an  eleqient. 
When  the  atoms  are  unlike,  the  molecule  is  compound,  and 
the  substance  is  known  as  a  compound  body. 

17.  Size  of  Koleoulei, — It  is  not  possible  to  see  a  mole- 
cule, even  with  the  aid  of  the  most  powerful  microscope. 
Various  estimates  of  the  size  of  molecules  have  been  made 
by  different  physicists.  The  illustration  given  by  Lord 
Kelvin  is  the  most  familiar.  He  suggests  that  if  a  drop  of 
water  were  magnified  to  the  size  of  the  earth,  its  molecules 
would  appear  as  large  as  tennis  balls. 
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According  to  Maxwell,  the  very  smallest  particle  that 
we  can  see  contains  from  sixty  million  to  one  hundred 
million  molecules. 

18.  Xeohajiioal   Kixtorei   and   Chemical  Componnda. — 
When  we  mix  together  two  elements  or  compounds  in  such 
a  way  that  their  molecules  remain  unchanged,  we  call  the 
result  a  mechani- 
cal mixture.   This 
is  the  condition  of 
the    atmosphere. 
It  consists  for  the 
most  part  of  the 
two  gases,  oxygen 
and  nitrogen,  and 
the  molecules  of 
each   gas  remain 
distinct  and  sepa- 
rate.    We'  speak 
of  them  as  being 
free.    When,  how- 
ever,    the     sub- 
stances    are     so 
united    that    the 
original  molecules 
are  broken  up  and 
new     ones     take 
their  place,  we  call 
the  result  a  chem- 
ical     compound. 
Thus,   for    exam- 
ple, when  two  toI- 
nmes  of  the  gas  hydrogen  are  brought  into  contact  with 
one  volume  of  the  gas  oxygen  in  the  cold,  no  matter  how 
thoroughly  they  are  shaken  np,  they  remain  a  simple,  me- 
chanical mixture.     But  if  now  an  electric  spark  be  passed, 
or  a  flame  applied,  we  have  an  explosion ;  the  separate 
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moleculea  of  hydrogen  and  oxygen  are  broken  up,  and  in 
their  place  we  find  molecules  of  water  vapor.  We  may  rep- 
resent this  graphically  aB  follows : 

H,  +  H,  +  0,  =  H,0  +  H,0. 
After  the  explosion  onr  three  molecnles  are  bnilt  into 
two.  Consequently,  the  water  vapor  occupies  only  two 
thirds  the  volume  of  the  origi- 
nal gases,  and  is  correspond- 
ingly denser.  This  may  be 
illustrated  by  introducing  two 
volumes  of  H  and  one  volume 
of  O  into  an  endiometer  tube 
over  mercury,  and  exploding 
the  mixture  by  means  of  a  spark 
from  an  induction  coil. 

19.  PhyiioBl  and  Chemieal 
Changet. — In  terms  of  the  mo- 
lecular theory  we  call  all 
changes  in  matter  physical, 
which  leave  the  molecules  the 
same ;  and  all  changes  chemi- 
cal, in  which  the  original  mol- 
ecules are  broken  up  and  new 
ones  take  their  place. 

Thus  the  passage  of  water 
through  its  three  states  is  a 
purely  physical  change,  while 
the  decomposition  of  water  into 
-voaa^^^^^^^^^HV     hydrogen  and  oxygen  is  a  chem- 
ical change.     The  first  ia  illus- 
trated by  the  melting  of  ice 
and  evaporation  of  the  result- 
ing water.    The  second  can  readily  be  shown  by  filling  a 
Hoffman  apparatus  with  acidulated  water  and  passing  an 
electric  current  through  it  for  some  time.    Notice  that  the 
volume  of  the  H  is  twice  that  of  the  0. 
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20.  Frotyle. — The  atom  which  we  have  described  above 
is  the  chemical  atom,  and  bj  definition  is  indestructible. 
It  IB  more  reasonable  to  believe,  however,  that  as  we  have 
only  one  power  in  the  univerBe  manifested  in  the  different 
forms  of  energy,  known  as  heat,  light,  sound,  electric  cur- 
rent, etc.,  flo  we  have  only  one  form  of  primary  matter,  and 
that  the  so-called  elements  are  in  reality  compounds  of  this 
one  primal  unit.  The  aame  protyle  has  been  suggested  for 
it.  According  to  this  view,  the  chemical  atoms  are  made  up 
of  still  smaller  physical  atoms,  and  are  consequently  com- 
posed of  the  same  primal  staff.  They  differ  from  one  an- 
other only  in  their  internal  architecture,  and  hence  in  their 
capacities  for  motion.  The  difference  in  the  behavior  of 
the  chemical  atoms  is  therefore  assumed  to  depend  entirely 
upon  the  nnmher  and  arrangement  of  the  protyle  atoms 
which  go  to  make  them  up. 

This  view  of  matter  is  entirely  theoretical.  Ko  one  has 
ever  isolated  the  molecule  and  atom,  mach  less  the  physical 
atom  of  protyle.  Nor  have  we  any  authentic  record  of  the 
change  of  one  chemical  element  into  another.  The  old 
alchemists  believed  in  the  transmutation  of  the  metals,  and 
spent  yeara  in  the  vain  attempt  to  change  base  metals  into 
gold.  Modem  science  hardly  expects  to  accomplish  this 
transformation,  even  though  holding  the  view  that  iron  and 
gold  are  made  up  of  the  same  primal  stuff.  It  does  believe, 
however,  that  in  the  mightier  laboratory  of  Nature  such  a 
precipitation  of  the  primal  matter  into  our  so^^led  ele- 
ments may  have  taken  place,  is  perhaps  taking  place  now 
in  distant  suns  and  stars,  and  that  under  suitable  condi- 
tions these  so-called  elements  may  resolve  again  into  the 
primal  element. 

21.  Donbt — We  have  spoken  of  molecules  and  atoms  in 
some  of  the  preceding  paragraphs  much  as  if  they  really 
existed.  But  modem  science  believes  nothing  of  the  sort. 
At  best,  oar  molecules  and  atoms  are  only  shadows  of  con- 
ditions in  matter  which  we  do  not  yet  understand.    The 
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terms  are  conTenieot,  and  we  must  often  ase  them,  bat 
they  must  be  understood  to  be  nameB  for  our  ignorance 
rather  than  for  our  knowledge. 

Professor  Huiley  says:  "The  primitive  atomic  theory, 
which  has  served  as  the  scaffolding  for  the  edifice  of  modem 
physics  and  chemistry,  has  been  quietly  dismissed.  I  can 
not  discover  that  any  contemporary  physicist  or  chemist  be- 
lieves in  the  real  indivisibility  of  atoms,  or  in  an  interatomic 
matterless  vacuum." 

And  Professor  Tait  says :  "  An  exact  or  adequate  concep- 
tion of  matter  itself,  could  we  obtain  it,  would  almost  cer- 
tainly be  something  extremely  unlike  any  conception  of  it 
which  our  senses  and  our  reason  will  ever  enable  us  to 
form.  .  .  .  The  discovery  of  the  ultimate  nature  of  matter 
is  probably  beyond  the  range  of  human  intelligence." 

22.  The  Firm  Ground  in  Phytiot.— The  fact  that  matter 
and  motion  must  ever  remain  a  profound  mystery  does  not 
make  the  science  of  physics  any  less  esact.  It  deals,  not 
with  the  nltimate  nature  of  matter  and  motion,  but  with 
their  every-day  manifestations,  and  these  are  capable  of 
exact  study  and  measurement. 

23.  Table  of  Elementt. 
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Titbit  of  ElemenU  {totttimitd^. 
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4.15 

NoTi.— The  common  ^menls  we  prtnted  In  »in«il  caplOUa.  the  rare  elemenla 
Id  itallca,  and  tbe  remainder  In  ordinary  type.  The  table  folloira  F.  W.  Darke, 
chemlBt  nf  the  UiiIImI  Stain  Oeolngleal  Survey. 

Problems. — 1.  Select  half  a  dozen  common  subBtances,  and  Bud 
out  whether  they  are  simple  or  compound. 

2.  Is  brass  a  mechanical  mixture  or  a  chemical  compound  t 

3.  Write  out  the  chemical  reaction  that  will  express  tbe  decom- 
position of  wator,  starting  out  with  two  molecules  and  representing 
them  b;  SH.O. 

4.  When  a  steel  bar  is  magnetized,  is  the  change  physical  or 
chemical  ? 
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CHAPTBB  m 
pBOPEsnxs  or  ttATnca 

Appakatds:  a  Bet  of  minenb,  representing  the  scale  of  haidneas.  CryEtBl 
nodeU  and,  if  posBible,  common  ciyetalliied  mlnentlB.  Balance  and 
Huspended  plate  of  glan  (JtB).  Jan  of  O  and  U.  Solution  of  copper  wl- 
phate.    IMtnislon  appaiatua  (84).   JXaXjzeT.   Capillary  tubes.   Mercury. 

2i.  Seemubtry  FiopntiM  of  Mstter. — Id  addition  to  its 
essential  properties,  extension  and  impenetrability,  matter 
exhibits  certain  cbaraoteristic  secondary  properties.  These 
are  so  named  because  they  do  not,  like  the  esBcntial  prop- 
erties, apply  to  all  matter,  but  only  to  certain  forms  of 
matter.  Thns,  solids  poseeas  hardness,  crystalline  form, 
cohesion,  adhesion,  porosity,  flexibility,  elasticity,  hrittleneBS, 
malleability,  ductility,  and  tenacity,  while  fluids  exhibit 
diftosibility,  viscosity,  and  capillarity ;  and  all  bodies — solid 
or  flnid — separated  in  space,  tend  to  move  toward  one  an- 
other, a  relation  which  we  express  by  the  word  weight. 

We  may  not  say,  however,  that  weight  is  an  essential 
property  of  matter,  since  it  is  rather  a  relation  than  an  in- 
dwelling property.  A  single  body,  alone  in  space,  would 
have  no  weight. 

Nor  may  we  properly  say  that  inertia  is  an  essential 
property  of  matter,  meaning  by  inertia  the  tendency  of  a 
body  to  remain  in  motion  or  at  rest  nnlesa  influenced  by 
some  other  body,  for  this  is  simply  to  say  that  nothing 
happens  without  a  cause — a  statement  that  goes  without 
saying. 

Many  of  these  secondary  properties  of  matter  are  suf- 
ficiently explained  if  we  simply  know  the  meanings  of  the 
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words  themselves.  Physics  studies  only  those  properties 
which  are  capable  of  measurement,  or  which  take  some 
knowable  part  in  the  drama  of  natural  events. 

%5.  HardneM. — By  the  hardness  of  a  body  we  mean  the 
difficulty  of  penetrating  between  its  particles.  We  measure 
hardness  by  comparing  bodies  with  a  series  of  solids  ar- 
ranged by  agreement  in  an  ascending  scale.  That  most 
commonly  in  use  was  proposed  by  Mohs,  and  is  as  follows : 

1.  Talc  (soapstone).    Easily  scratched  by  the  finger  nail. 

2.  Gypsum.     Scratched  by  the  nail. 

3.  Calcite.     Easily  cut  by  knife. 

4.  Fluorite,     Cut  by  knife. 

6.  Apatite.     Difficultly  cut  by  knife. 

6.  Feldspar.     Cat  by  glass. 

7.  Quartz.     Cute  glass. 

8.  Beryl. 

9.  Corundum. 
10.  Diamond. 

This  scale  was  meant  for  the  nse  of  mineralogists,  and 
selects  natural  minerals  rather  than  artificial  products, 
partly  because  they  are  better  suited  to  the  purposes  of 
mineralogy,  and  partly  because  their  hardness  is  more  con- 
stant. 

The  test  of  hardness  is  very  important  in  determining 
minerals.  Thus  calcite  (crystallized  marble,  CaCO^)  and 
quartz  (rock  crystal,  SiO,)  have  the  same  crystal  form,  and 
often  look  much  alike.  A  simple  test  with  the  penknife 
serves  to  distinguish  them. 

26.  CrTttalline  Form. — Many  solid  bodies  exhibit  definite 
geometric  forms  or  crystals.  The  study  of  crystals — crys- 
tallography— is  a  very  useful  and  a  very  beautiful  branch 
of  natural  science.  It  is  not  known  why  substances  take 
definite  crystal  forms.  In  doing  ao  they  usually  increase 
in  volume,  as  when  water  crystallizes  into  ice,  and  the'  pres- 
sure exerted  by  their  particles  is  very  great ;  pipes  of  lead, 
and  even  of  wrought  iron,  burst  with  the  freezing  of  the 
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water  that  they  contain ;  the  hardest  rocks  are  split  and 
torn  into  the  tiny  fragments  which  constitute  soil,  when 
the  water  in  their  crevices  freezes ;  and  the  delicate  lines 
in  our  printing  types  are  filled  out  by  the  expansion  of  the 
crystallizing  type  metal. 

Sabstances  which  have  a  cyetalUne  structure  often  show 
8  decided  tendency  to  split  along  planes  parallel  to  well- 
defined  crystal  faces.  We  call  this  cleavage.  It  is  well 
seen  in  such  minerals  as  mica,  calcite,  and  feldspar. 

Substances  such  as  flint  and  opal,  which  show  no  crys- 
talline stractnre,  are  called  amorphous. 

37.  Cohesian  is  the  name  given  to  the  bond  which  holds 
the  molecules  of  a  body  together.     It  is  strongest  in  solids 
and  least  in  gases.     The  varying  strength  of  cohesion  gives 
Da  the  different  degrees  of  rigidity,  tenacity,  and  hardness 
in  bodies.    When  we  break  a  substance  we  conceive  that 
the  molecules  become  so  far  separated  that  their  cohesion 
is  overcome.      Once 
separated,    cohesion 
can  only  be  restored 
by  bringing  the  mole- 
cules very  close  to- 
gether again  by  some 
agent,  such  as  heat. 
This   is   done  when 
two  pieces  of  wrought 
iron  are  welded  to- 
gether.     The  same 
thing  takes  place  in 
the  working  of  glass. 

The  strength  of 
materials  dependsup- 
on  their  cohesion.  It 
is  measured  by  the  number  of  pounds,  or  kilogrammes,  re- 
quired to  break  a  bar  of  given  croBs-section,  usually  a  square 
inch  or  a  sqnare  centimetre.     When  the  weight  is  applied 
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aa  a  pull,  we  measure  the  tensile  stren^h  of  the  materiaL 
When  applied  as  pressure,  we  measnre  the  compreBsion 
atrength. 

38.  Adhedon  is  the  general  name  given  to  the  bond  ex- 
isting between  unlike  molecules — that  ia,  between  the  mole- 
cules of  different  substanceB.  When  a  glass  rod  is  dipped 
into  water,  a  thin  film  of  the  liquid  apreadfi  itself  oyer  the 
glass,  and  the  attraction  between  the  two  is  considerable. 
We  can  measure  adhesion  if  we  balance  a  pane  of  glass  so 
that  its  under  surface  just  touches  the  surface  of  the  water, 
and  then  add  weights  until  the  glass  is  pulled  away.  In  the 
same  manner  light  articles,  such  aa  pieces  of  tissue  paper, 
feathers,  and  the  like,  will  stick  to  the  hand  and  to  one 
another. 

29.  Elastioity. — When  a  body  has  its  form  altered  by 
either  a  pull  or  by  pressure,  the  result  is  called  a  alrain,  and 
the  pull  or  pressure  itself  is  spoken  of  as  the  stress.  If, 
when  the  stress  is  removed  the  strain  also  disappears,  the 
body  is  said  to  be  elastic.  Such  is  the  case  with  rubber, 
whidebone,  and  many  other  substances.  If  the  strain  always 
disappears  when  the  stress  ia  removed,  no  matter  how  great 
the  stress  may  be,  the  body  is  said  to  be  perfectly  elastic. 
Fluids  are  the  only  bodies  which  fulfill  this  condition.  No 
solids  are  perfectly  elastic.  The  degree  of  their  elasticity  is 
measured  by  the  coefficient  of  elasticity.  This  is  the  weight 
which  would  be  required  to  stretch  a  bar  of  unit  crosa-aec- 
tion  (such  as  one  square  centimetre)  to  twice  its  original 
length,  were  that  possible,  and  still  have  the  bar  regain  its 
original  length  when  the  stress  is  removed. 

30.  Malleability. — When  the  molecules  of  a  body  are  so 
arranged,  or  so  related  to  one  another,  that  we  may  pound 
the  body  into  thin  sheets  without  breaking  it,  we  describe 
the  body  as  malleable.  Gold  is  probably  the  most  malleable 
of  all  substances.  It  has  been  beaten  Into  leaves  so  thin  that 
one  hundred  and  twenty  thousand  were  required  to  make  a 
pile  one  centimetre  high. 

D.nt.zedbyG00g[c 
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31.  Ditetility  expressea  the  arrangement  of  molecules  of 
a  body  which  permite  it  to  be  drawn  into  small  rods  and 
wire.  Platiaiun  poseeBsea  this  property  in  a  marked  de- 
gree. 

The  finest  wires  are  obtained  by  coating  a  platinum  wire 
with  silver,  then  drawing  it  out  as  fine  as  possible,  and  dis- 
solving  ofl  the  silver  by  means  of  nitric  acid. 

Both  malleability  and  ductility  depend  upon  the  possi- 
bility of  rearranging  the  molecules  of  a  body  within  such 
narrow  limits  that  the  bond  between  them— that  is,  their  co- 
hesion— will  not  be  broken.  This  possibility  depends  upon 
sereral  factors,  such  as  temperature  and  purity  of  material. 
Even  small  quantities  of  arsenic  or  antimony  will  seriously 
interfere  with  the  working  of  copper;  and  sulphur  and  phoa- 
phoms  have  a  similar  effect  upon  iron.* 

33.  VifOOiity  and  BrittleneM. — No  substances,  even  among 
aolids,  are  perfectly  rigid.  In  ail  matter  the  molecules  have 
more  or  less  ability  to  change  their  relative  positions,  and 
consequently  the  body  containing  them  to  change  its  form. 
On  the  other  hand,  no  substances,  even  among  gases,  are 
perfectly  fluid.  In  all  there  is  more  or  less  retardation  of 
motion  due  to  an  apparent  friction  among  the  molecules 
themselves. 

This  property  of  matter  is  called  viscosity.  In  solids  it 
makes  permanence  of  form  impossible.  A  straight  glass  rod, 
resting  for  some  time  upon  two  supports,  gradually  assumes 
a  curved  form  under  the  stress  of  its  own  weight.  An  iron 
girder,  between  two  piers,  takes  a  permanent  sag.  A  cane, 
standing  in  the  corner,  becomes  crooked. 

In  fluids  viscosity  comes  in  as  a  constant  retardation  to 
motion.  Streams  do  not  at  once  seek  their  lowest  levels, 
hot  take  an  appreciable  time.  Waves  do  not  continue  in- 
deflnitely,  but  finally  spend  themselves,  overcome  by  the  fric- 
tion of  the  flnid  itself,  their  motion  turned  into  heat.    Fine 

*  See  Chemistiy. 
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particles  remain  suBpended  in  water  and  air  for  &  long  time, 
their  weight  being  inaufScieut  to  overcome  viacoBity.  Storma 
finally  spend  themseWee. 

When  a  stress  acts  upon  a  solid,  either  as  pull  or  pre». 
snre,  in  such  a  way  as  to  make  this  rearrangement  of  mole- 
cules imposBible,  the  particles  separate,  and  we  call  the  body 
brittle. 

33.  Difibilbility. — We  conceive  that  the  molecules  of  all 

matter  are  in  a  constant  state  of  motion.     In  conBeqnence 

of  this  activity,  two  gases  or  two  liquids  capable  of  mixing, 

when  placed  in  communication  with  each  other, 

■me  evenly  distributed  throughout  the 

ime.     This  diffusion  can  be  shown  by 

mple  experiments : 

ygen  is  sixteen  times  as  heavy  as  hydro- 
gen, Whenbroughttogethertheyform 
a  highly  explosive  mixture.  If  an  in- 
verted jar  of  hydrogen  be  placed  above 
a  jar  of  oxygen,  the  glass  cover  plates 
withdrawn,  and  the  two  jars  allowed 
to  stand  in  communication  for  several 
hours,  it  will  he  found  that,  in  spite  of 
their  diflerences  in  weight,  the  two  gases  have  thoroughly 
diffused  and  each  jar  contains  an  explosive  mixture.  On 
separating  the  jars  and  applying  a  match,  two  almost  equally 
loud  reports  are  heard. 

b.  If  clear  water  be  carefully  added  to  the  top  of  a  tum- 
bler already  partly  filled  vrith  colored  water,  such  as  a  solu- 
tion of  copper  sulphate,  and  the  whole  allowed  to  stand  for 
some  time,  it  will  he  found  that  the  color  distributes  itself 
almost  equally  throughout  the  tumbler. 

This  diffusion  of  fiuids  takes  place  even  when  the  two 
are  separated  by  a  porous  partition.  In  general,  the  lighter 
fiuid  passes  through  more  quickly  than  the  heavier,  as  may 
be  shown  by  the  following  experiment ; 

c.  An  inverted  porous  cup,  such  as  is  used  in  the  Daniell 
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cell,  has  its  lower  end  sealed  by  a 

tight  rabber  stopper,  through  which 

a  long  glass  tube  passes.    The  free  end 

of  the  tube  dips  under  the  surface  of 

a  colored  liquid  in  a  tumbler  below. 

If,  now,  a  bell  jar  filled  with  hydrogen 

be  quickly  brought  over  the  porous 

cup,  the  air  inside  the  cup  will  be 

forced  down  the  glass  tube  and  will 

bubble  through  the  colored  liquid. 

The  hydrogen  makes  ita  way  through 

the  porous  cup  faster  than  the  heayier 

air  can  make  its  way  out.     When  the 

bell  jar  is  removed,  the  reverse  takes 

place.    The  hydrogen  inside  the  cup 

escapes  faster  than  the  air  can  take 

it«  place,  a  partial  racuum  is  pro- 
duced, and  the  colored  liquid  rises  in 

the  tube. 

d.  In  the  same  way  liquids  diffuse        '  "'*' 

into  each  other  through  nuglazed  earthenware,  parchment 

paper,  and  other  porous  partitions.    The  action  is  known  aa 

osmose.  Dissolved  solids  have  the  same  power,  provided 
they  are  crystallizable.  Amor- 
phous substanceB,  or  colloids, 
do  not  diffuse.  Chemists  some- 
times make  use  of  this  dif- 
ference of  behavior  to  sepa- 
rate some  crystallizable  poison, 
such  as  arsenious  acid,  from 
the  amorphous  contents  of  the 
stomach  of  an  animal  supposed 
to  have  been  poisoned.  The 
process  is  known  aa  dinlystx, 
B!r,lt|Pf  and  jg  easily  carried  out  in  the' 
— Kaiyier.  apparatus  (dialyzer)  shown. 
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Si.  Capillarity. — If  tnbea  of  very  small  diameter  are  partly 
immersed  iu  vater  or  other  liqtiid  which  wetB  them,  it  will 
be  noticed  that  on  withdrawing  them  in  part  the  level  of 
the  liquid  in  the  tnbes  is  con- 
Biderably  above  that  outside, 
and  is  higher  ae  the  diameter 
of  the  tabes  is  smaller.  In 
case  of  mercury  or  other  liquid 
which  does  not  wet  the  glass, 
there  is  a  depression  of  level 
in  the  tubes  in  place  of  ele- 
vation. 

The  same  appearances  may 
be  seen  when  solids  and  liquids 
come  into  contact.  The  water  in  a  tumbler  rises  around 
the  edge,  and  the  surface  of  the  liquid  is  concave.  Mer- 
cury,  on  the  contrary,  would  be  depressed  around  the  edge 
of  the  tumbler,  and  would  present  a  convex  snrface.  Drops 
of  mercury  on  a  table  take  the  form  of  globules.  Water 
behaves  in  the  same  way  if  the  table  be  greasy  or  dusty. 

Since  these  elevations  and  depressions  are  moat  notice- 
able in  hairlike  or  capillary  tubes,  the  name  capillarity  has 
been  applied  to  the  phenomena.  They  appear  to  be  strict- 
ly molecular  phenomena,  and 
to  depend  upon  the  relative 
strength  of  cohesion  and  adhe- 
sion. Where  the  cohesion  with- 
in the  liquid  is  stronger  than 
the  adhesion  between  the  solid 
and  liquid,  the  resulting  strain 
shows  itself  as  capillary  depres- 
sion ;  but  where  the  adhesion 
between  solid  and  liquid  is  the  stronger,  the  strain  is  a 
capillary  ascension. 

We  find  many  illustrations  of  capillary  action  in  Nature 
— euch  as  the  rising  of  oil  in  the  wick  of  lamps ;  the  enrj- 
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ooB  efflorescence  of  aaJt  over  the  edge  of  the  tombler  when 
salt  water  evaporates ;  and  the  wetting  of  the  whole  towel 
when  one  comer  is  left  in  a  basin  of  water. 

EizPEBtuBBTS. — 1.  Try  the  hai^Deaa  of  such  atone  and  building 
material  as  ma;  be  convenient — marble,  browDBtone,  brick,  etc. 

9.  Determine  the  hardness  of  pjrite,  garnet,  graphite,  and  an; 
other  common  minerals  that  maj  be  within  reach. 

8.  Let  the  teacher  or  pupil,  or  both,  repeat  the  experiments  a,  b, 
e,  and  d  (88),  and  also  those  under  capillarity  (84). 
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CHAPTER  rV 

OK  MISASUSSMSNT 

ApPARATtre:  Yarditick,  pound  weight,  quart  mamire.  Metric  units, 
metre,  grBmnie.  and  litre.  Metric  chart.  A  good  scale,  weiBhing  up  to 
BBVeral  poundfl.    English  and  metric  weighta. 

35.  Science  is  exact  knowledge.  This  is  only  gained 
by  compariaon  or  meaeurement.  "  We  iiave  only  so  much 
science  as  ve  have  mathematicB."  The  first  step,  therefore, 
in  the  study  of  practical  physics  is  to  leam  how  to  measure. 

Measurement  involves  two  processes : 
1.  The  establighment  of  a  standard  or  unit  of  measure- 
ment with  which  we  can  compare  our  unknown  quantity. 
3.  The  method  by  which  we  carry  out  this  comparison. 

36.  TTnits. — The  choice  of  standard  units  must  naturally 
depend  upon  what  we  wish  to  measure,  and  onr  units  must 
necessarily  be  as  numerous  a.B  the  qualities  measured :  one 
unit  for  length,  as  the  yard ;  another  for  volume,  as  the 
gallon ;  another  for  weight,  as  the  pound ;  and  so  on. 

The  objection  to  these  common  Engl ish_un its,  however, 
is  that  they  bear  no  easily  expr  ther, 

and  consequently  it  is  quite  ir  one 

unit  into  another — as  cubic  yai 

The  best  system  of  measn  i  the 

different  units  are  simply  rela  cible 

the  one  from  the  other.    The  m  leme 

of  measurement,  and  is  therel  _  itific 

work.  In  it  the  unit  of  mass  depends  upon  the  unit  of  vol- 
ume, and  this  in  turn  upon  the  unit  of  length.  When  we 
establish  the  unit  of  length,  therefore,  we  establish  the  others. 
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Mbtbic  Tables. 

1  tnillimetre  =     .039S    iocbea. 
1  centimetre=     .8987        "      =      10  millimetres. 
1  decimetre  =  8.9870        "      =      10  centimetres. 
1  metre         =89.37  "      =      10  decimetres. 

1  kilometre  =     .63187  miles    =  1,000  metres. 

1  inch  =  2.54  ceutimetres. 

Hoot  =  80.48 

lyard  =  91.44 

1  mile  =  1,609.33  metres. 

Volume. 
1  cubic  decimetre  =  1,000  cubic  centimetres  =  1  litre  =  1 .0567  qiimrta 
1  quart  =  .9462  litres  =  946.25  cubic  centimetres. 

Maaa. 
1  gram  =  15.4828  grains. 
1  kilogram  =  1,000  grams  =  S.2046  pouods  (avoirdupois). 

1  ounce  (sToirdapois)  =  38.849  grfuns. 
1  pound  "  =453.5936      " 

Itou  "  =907.185   kilograms. 

In  phyaice  ve  measure  both  matter  and  motion.  Our 
series  of  standards,  therefore,  mnst  be  comprehensive 
enough  to  apply  to  all  measurable  aspects  of  matter  and 
motion.  By  taking  a  series  of  related  unite  it  is  not  dif6- 
cnlt  to  establish  even  eo  far-reaching  a  system  as  this,  for 
we  find  practically  that  only  three  fundamental  units  are 
necessary.  These  are  the  unit  of  length,  the  unit  of  mass, 
and  the  unit  of  time.  They  form  the  basis  of  all  physical 
measurement. 

37.  Length-^It  is  unnecessary  to  define  lenjfth.  We  all 
understand  by  it  the  distance  between  two  points,  or  their 
separation  in  space.  The  nnit  of  length  is  the  cenfiviffre, 
the  one  hundredth  part  of  the  metre.  It  was  originally 
intended  that  the  metre  should  be  the  one  forty  millionth 
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part  of  the  earth's  meridian.  Practically,  it  is  the  len^h 
of  a  standard  platinum  bar,  copies  of  which  are  kept  in 
the  national  archives  at  Washington,  London,  Paris,  and 
Berlin. 

Most  of  us  are  accastomed  to  thinking  of  length  in 
inches.  It  may  therefore  help  ub  to  gain  a  clear  idea  of  the 
centimetre  if  we  remember  that  it  is  about  four  tenths  of 
an  inch.  Aa  soon  as  possible,  however,  it  will  be  well  to 
think  of  the  centimetre  aa  a  unit  in  itaelf,  and  not  to  trans- 
late it  into  inches. 


■ I, 


Fig.  e. — CJomiMrison  of  ceutimetree  and  inches. 

38.  Kau. — The  mass  of  a  body  is  the  amount  of  matter 
it  contains.  The  unit  of  mass  is  the  gramme.  This  was  in- 
tended to  be  the  mass  of  one  cubic  centimetre  of  pure  dis- 
tilled water  at  the  temperature  of  greatest  density.  Prac- 
tically, it  is  the  one  thousandth  part  of  the  standard 
platinum  kilogramme,  copies  of  which  are  also  kept  in  the 
national  archives  of  the  several  civilized  nations.  The 
kilogramme  is  about  equivalent  to  two  and  one  fifth  pounds 
avoirdupois.  The  gramme  equals  .0352  ounces,  and  one 
ounce  equals  28.35  grammes. 

39.  Time. — This  can  not  well  be  defined,  but  we  all  know 
something  of  the  meaning  of  the  word.  It  is  our  name  for 
the  sequence  of  events.  The  unit  of  time  ia  the  second.  It 
is  the  j[tJ-(b  part  of  an  average  day  (mean  solar  day). 

40.  The  C.-G.-S,  8yit«m.^The  system  of  measurement 
founded  on  these  three  fundamental  units  ia  known  as  the 
centimetre-gramme-second  system,  or,  more  briefly,  as  the 
G.-G.-S.  system.  The  units  depending  on  these  fundamen- 
tals are  called  derived  units,  and  are  capable  of  expressing 
all  measurable  aspects  of  matter  and  motion. 
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41.  The  Two  Twins  in  Heanimnent. — It  is  to  be  obserred 
that  every  ezpreaaion  of  physicftl  magnitude  reqaires  two 
terms :  One,  the  numerical  term,  or  coefficient,  and  the  other 
the  verbal  term,  or  name  of  the  standard  unit,  as,  for  ex- 
ample, 10  centimetres,  8  grammes,  60  seconds.  The  verbal 
terms  are  either  the  fandaraental  or  derived  units  we  have 
been  considering,  and  are  agreed  upon  before  beginning  the 
meaBorement.  This  done,  the  real  process  of  measurement 
consists  in  finding  the  coefficient,  or  the  number  of  times 
the  standard  unit  is  contained  in  the  unknown  quantity  to 


43.  Kethodi  of  Heammnent. — The  comparison  between 
the  standard  unit  and  the  quantity  to  be  measured  may  be 
made  directly  or  indirectly. 

It  is  made  directly  when  we  apply  our  foot  rule  at  once 
to  the  piece  of  timber  to  be  measured,  or  when  we  pour 
rater  or  other  liquid  into  a  gallon  measure. 

In  general,  however,  our  measurements  are  made  indi- 
rectly, as  when  we  find  the  area  of  a  farm  by  measuring  the 
length  of  its  boundaries,  or  the  temperature  of  a  room  by 
observing  the  length  of  a  column  of  mercury  in  a  ther- 
mometer. 

Indeed,  it  seldom  happens  that  quantities  can  be  meas- 
ured directly.  In  most  cases  we  are  forced  to  resort  to  in- 
direct methods.  It  is  in  devising  these  that  physicists  show 
their  skill  and  ingenuity. 

The  measnrements  most  open  to  the  direct  method  are 
those  of  length,  but  even  here  greater  accuracy  is  often  ob- 
tained by  indirect  methods,  as  when  we  find  the  diameter 
of  a  glass  tube  from  the  weight  of  the  mercury  which  is  re- 
quired to  fill  a  given  length  of  the  tube,  or  when  we  calcu- 
late the  diameter  of  a  wire  from  its  length  and  weight. 

43.  Kathematieal  Fhyaioi. — We  must  then  consider  mod- 
em physios  simply  as  an  interesting  branch  of  applied 
mathematics.  It  is  a  science  of  measurement,  and  can  be 
studied  to   best  advantage  in   the  laboratory.     Practical 
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laboratory  work  meaiiB  Bimply  meaenrement.  In  the  tollov- 
ing  pages  much  of  our  time  maHt  be  given  to  the  double 
work  of  eBtabliahing  a  suitable  ayatem  of  derived  unita,  and 
of  applying  these  to  the  measurement  of  physical  magni- 
tudes. The  student  who  goea  to  work  in  eameat  should 
first  see  that  he  thoroughly  uuderataiida  the  unit,  and 
should  then,  as  far  as  possible,  make  all  the  measuremeuta 
for  himself  by  which  the  coefficient  that  is  to  stand  before 
the  unit  is  determined.  Where  the  facilities  of  the  school 
do  not  permit  the  student  to  make  these  measurements 
for  himself,  he  should  at  leaat  see  them  made,  and  thor- 
oughly participate  in  working  out  the  subsequent  deter- 
minations. 

44.  Conwrratioii  of  Salter— It  ia  possible  to  measure 
matter  and  to  reason  about  it  only  hecauae  of  its  persist- 
ence. The  sum  total  of  matter  always  remains  the  same. 
We  can  not  create  it ;  we  can  not  destroy  it.  Our  experi- 
ence leads  to  the  belief  that  its  mass  is  absolutely  constant. 
Nor  can  we  even  think  of  matter  as  coming  out  of  nothing- 
ness, or  passing  into  notbingnesa  again.  This  all-important 
truth  is  known  as  the  conservation  of  matter,  and  waa  only 
generally  accepted  at  the  close  of  the  eighteenth  century. 
We  can  not  prove  it  by  direct  experiment,  for  every  method 
would  have  to  start  out  by  assuming  what  we  wanted  to 
prove,  but  reason  and  general  experience  are  ample  proof. 

45.  Conwrvation  of  Ener^. — In  like  manner  it  is  ouly 
possible  to  measure  and  study  motion  because  of  its  persist- 
ence. Thia  is  a  less  obvious  truth  than  the  conservation  of 
matter,  for  we  see  on  all  sides  the  apparent  destruction  and 
creation  of  motion  But  a  more  careful  examination  shows 
that  the  disappearance  of  motion  is  always  followed  by  its 
reappearance  in  some  other  form  or  in  some  other  body, 
while  its  seeming  creation  is  in  reality  a  similar  transforma- 
tion or  transference.  We  therefore  believe  that  the  total 
amount  of  motion  ia  constant — a  truth  which  we  define  as 
the  conservation  of  energy.    It  is  only  within  the  past  half 
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ceatQij  that  this  trath  has  been  clearly  established.     It 
has  made  possible  the  science  of  modern  physics. 

46.  Batioaality, — We  can  not  overeBtimate  the  impor- 
tance of  the  recognition  of  these  sister  truths,  the  conser- 
vation of  matter  and  the  conserrstioti  of  energy.  If  we 
lived  in  a  world  in  which  the  amount  of  matter  and  motion 
was  constantly  changing,  we  should  be  unable  to  reason 
about  them,  or  indeed  about  anything.  We  should  be 
practically  insane,  (or  we  should  be  unable  to  establish  any 
relation  between  the  events  of  life.  All  would  be  wild 
chance  and  caprice.  This  is  much  the  position  to-day  of 
those  persons  who  do  not  realize  these  fundamental  truths. 
They  live  in  a  world  of  unreason  and  chaos.  Judged  in  this 
way,  but  a  small  percentage  of  the  inhabitants  of  the  earth 
are  rational  Civilization  is  only  possible  because  human 
experience  is  aniform. 

ExPERiMBNTfl. — 1.  Measure  the  four  dimensions  of  a  sheet  of 
paper  in  millimetrea,  and  express  its  area  in  square  centimetres. 

3,  Measure  the  length  of  a  rod  ten  times,  take  the  average  re- 
mit, and  express  the  greatest  mean  error. 

3.  Heaaure  a  regular-shaped  block  of  wood  in  millimetres,  and 
express  its  cubical  contents  in  metres. 

4.  Measure  the  linear  dimeosioDS  of  the  room  you  are  in,  and  ex- 
JH«S8  its  volume  in  litres. 

5.  Put  a  kilogramme  weight  on  the  scale,  and  find  its  equivalent 
in  English  measure. 

6.  Put  a  pound  weight  on  the  scale,  and  find  its  equivalent  in 
grammes. 

7.  Weigh  a  quart  of  water  in  grammes,  and  calculate  the  length 
of  tube,  one  centimetre  in  diameter,  that  this  amount  of  water 
would  fill. 

Reference. 
Essay  on  Measurement ;  William  K.  Clifford. 
Chapter  on  Heasuremeot.     Practical  Physics  :    Glazebrook  & 
Sbaw. 
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CHAPTER  V 

UKASUREUEUrr  or  itATTSR 

Appabatuh  :    Spring  compaaR.    CalipeTs.    HIcrometer  screw.     Cbthefami- 
et«r.    Meaeuring  engine.    Vernier.    Surveyor'a  Upe  ot  ehala.   Transit. 

Graduated  glaw  jar. 

47.  Tlie  Problem. — The  esftct  meaaurement  of  matter  is 
necesBary  in  physics  in  order  that  matter  may  be  accurately 
studied  as  a  carrier  of  motion.  The  amount  of  motion  we 
have  in  matter  depends  npon  the  amontit  of  matter  we 
have  moving,  as  well  as  upon  tlie  rate  at  which  it  moves. 
For  this  purpose  the  measurements  of  matter  with  which 
physics  has  most  to  deal  are  those  of  extension — length, 
area,  and  volume — of  mass  and  weight,  of  density  and 
specific  gravity. 

48.  Xxteniion  in  Oiw  Direetion. — The  measurement  of 
length  is  of  the  utmost  importance  in  physical  work,  not 
only  for  itself,  hut  also  because  bo  many  other  measure- 
ments depend  directly  upon  it.  The  process  involves  no 
theory.  It  depends  entirely  upon  the  precision  of  the  in- 
struments jf  measurement,  and  the  care  with  which  they 
are  employed.  The  simplest  of  these  instruments  is  the 
divided  scale.  For  scientific  work,  its  unit  is  the  centi- 
metre and. its  subdivisions.  In  determining  length,  we 
must  first  make  up  our  minds  as  to  the  degree  of  accuracy 
needed.  In  comparatively  rough  work,  we  apply  the  scale 
directly,  and  read  off  the  result  with  the  naked  eye,  as 
when  we  measure  the  length  of  a  line  on  a  drawing,  or  the 
length  of  a  piece  of  wood  or  iron. 
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But  this  direct  method  involves  two  BoarceB  of  error. 
We  can  not  be  eure  that  the  initial  division  on  the  scale 
exactly  coincides  with  the  beginning  of  the  line  to  be  mcBs- 
nred,  nor  can  we  accurately  judge  of  the  fractional  subdivi- 
siona  of  the  scale.  To  avoid  one  or  other  or  both  of  these 
sources  of  error  is  the  purpose  of  our  instruments  of  preci- 
sion. It  is  well  to  make  one's  self  acquainted  with  several 
of  the  more  important  of  these  instruments. 

The  spring  compass,  used  in  every  drawing-room,  is 
simply  a  means  of  transferring  a  mcasarement,  with  great 
accuracy,  from  line  to  scale,  or  scale  to  line.  Yet  even  so 
simple  an  instrument  is  only  used  accurately  after  some 
practice. 

The  calipers  and  screw  gauge  are  much  alike.    Their 
arms  or  screw  ends  encompass  the  object  to  be  measured, 
and  when  placed  in  close  con- 
tact  with   it   their   distance 


Pia.  10.— Oalipera. 


apart  is  read  off  from  the  little  scale  attached  to  ilTe  mov- 
able arm. 

The  micrometer  screw  is  used  for  determining  the  thick- 
ness of  thin  sheets  of  metal,  paper,  glass,  and  the  like.  It 
consists  of  a  rigid  frame  of  metal,  supported  by  three  fixed 
legs.  A  fourth  leg,  in  the  shape  of  a  finely  threaded  screw, 
turns  in  a  screw  bearing  in  the  center  of  the  frame,  and  is 
provided  with  a  large  circular  head,  accurately  divided,  so 
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that  one  may  easily  read  the  fraction  of  a  ttirn  made  by  the 
BCrew.  If  the  head  makes  one  complete  turn,  the  leg  mores 
through  a  distance  eqnal  to  the 
screw  thread,  and  for  any  smaller 
turn  the  motion  is  proportional. 

The  micrometer  screw  may  also 
be  nsed  as  a  gpherometer,  an  inatm- 
ment  for  finding  the  cnrrature  of 
spherical  surfaces. 

The  cathetometer  measures  accu- 
rately small  vertical  distancea.  It 
conaista  of  a  rigid  upright  scale, 
proTided  with  a  sliding  telescope 
carrying  a  second  smaller  scale.  A 
reading  is  taken  when  the  cross- 
hairs of  the  telescope  exactly  coin- 
cide with  one  end  of  the  distance  to 
be  measured,  and  a  second  reading 
when  they  coincide  with  the  other 
end.  The  difference  between  these 
readings  equals  the  distance. 

The  vernier  is  a  device  for  help- 
ing the  eye  to  read  tiny  subdivisions 
of  a  given  scale.  It  is  used  on 
many  instruments  of  precision.  The 
Fio.  13.— Oitbewmetor.  principle  is  vcry  simple.  A  definite 
length,  say  an  inch  or  a  centimetre, 
is  divided  into  ten  equal  parts.  A  second  length  is  taken, 
equal  to  eleven  of  these  equal  parts,  and  is  itself  divided 
into  ten  parts-  If  the  two  scales  be  laid  alongside  of  each 
other,  it  is  very  evident  that  the  subdivisions  on  the  longer 
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Bcale  will  overlap  those  on  the  shorter  scale  by  just  one 
tenth,  aa  shown  in  tho  diagram  (Fig.  13).  Suppose,  now, 
that  the  initial  marks  on  the  two  scales  do  not  coincide,  but 
that  the  shorter  one  is  four  tenths  of  a  dirision  ahead  of 
the  longer  one,  as  shown  in  Fig.  14.    We  shall  know  the 


Fia.  14.— Vernier,  Teadlng  four  tenths. 

exact  amount  hy  ohserving  that  the  sohdiTisions  marked 
i  on  both  scales  now  coincide,  and  this  can  only  occur  when 
the  shorter  scale  is  four  tenths  ahead. 

49.  SnTYflyiiig. — The  instruments  already  considered 
aerre  only  to  measnre  very  short  lengths,  snch  as  those  met 
in  the  laboratory.  In  measuring  greater  lengths,  as  in  sur- 
Toying  field,  or  farm,  or  State,  enlarged  methods  have  to 
be  adopted.  In  ordinary  farm  or  railroad  work  it  is  suffi- 
ciently accnrate  to  measnre  distance  by  means  of  steel  or^ 
linen  tapes,  or  iron  chains.  These  are  generally  one  hun- 
dred feet  long.  They  are  divided  into  feet,  and  these  again 
into  tenths. 

In  the  case  of  very  large  and  accurate  surveys,  such  as 
those  made  by  the  United  States  Coast  Survey,  generally 
only  one  length  is  measured,  and  the  other  distances  are 
calculated  from  this.  This  one  line  is  known  as  the  base 
line,  and  is  measured  as  accurately  aa  possible.  It  is  some- 
times several  miles  long.  The  ground  is  cleared  and  lev- 
eled as  carefully  as  if  a  road  were  being  constructed.  The 
length  is  found  by  means  of  rigid  measuring  rods  placed 
end  to  end,  and  the  contact  observed  by  means  of  telescopes. 

60.  Bzten^n  in  Two  DirectionB. — We  seldom  or  never 
measnre  area  directly ;  that  is,  by  applying  the  unit  of  area, 
the  square  centimetre,  to  the  surface  to  be  measured.  In 
nearly  all  cases  we  measure  the  linear  dimensions  and  cal- 
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Gulate  the  area  from  these  by  meaoB  of  the  simpler  propo- 
sitioQB  in  plane  geometry.  Thus,  for  example,  to  get  the 
area  of  a  rectangle,  we  measure  the  base  and  altitade. 
Their  product  equals  the  area.  To  find  the  area  of  a  tri- 
angle we  make  the  same  measurements,  knowing  that  half 
the  product  will  be  the  area.  And  similarly  with  other 
Burfaces. 

51.  Eztendon  in  Three  Sireotioiii. — If  the  volume  to 
be  measured  is  regular  in  outline,  we  measure  the  linear 
dimensions  and  calculate  the  volume  from 
of  the  propositionB  of  solid 
:,  if  the  solid  be  irregular  in 
lerally  the  caee,  we  can  best 
by  immersing  it  in  water  or 
other  fluid  and  determin- 
ing the  volume  of  the  fluid 
displaced. 

Example. — The  volume 
of  an  irregularly  shaped 
stone  can  readily  be  found 
by  suspending  it  in  a  grad- 
uated jar  of  water.  The 
rise  of  water  in  the  jar  will 
indicate  the  cubical  con- 
tents of  the  stone.  Or, 
the  jar  may  be  completely 
filled  with  water,  the  stone 
.  ..|.,.  -,  .-1.  ,■  ,,r||. ,■„■;;-,,  .  carefully  lowered  into  it, 
'  ■ "    ■        I  and  the  overflow  of  water 

Fio.  19,— Meiaiiring  tli«  volume  of  a  cauglit  in  a  measuring 
glass,  as  shown  in  figure. 
The  volume  of  fluids  is  obtained  by  measuring  the 
dimensions  of  the  containing  vessel,  and  then  calculating 
its  contents.  In  case  the  vessel  is  irregular  in  form,  we  can 
find  its  volume  by  filling  it  with  some  liquid,  such  as  mer- 
cury, weighing   the    mercury,  and    then   calculating   the 
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Tolame  by  means  of  the  known  relation  between  tbe  weight 
and  Tolnme  of  the  mercuiy  (Bee  Chapter  VII). 

As  cTcry  cubic  centimetre  of  mercury  weighs  13M 
grommea,  we  have  only  to  divide  the  weight  of  the  mercury 
in  grammes  by  13.56  tfl  get  the  roiume  of  the  Tessel  in 
cnbic  centimetres. 

ExpEBiHBiiTB. — 1.  K&ke  two  dots  some  dietsDce  apart  oa  a  sheet 
of  paper.  Measure  the  distance  five  times  by  direct  application  of 
the  divided  scale;  take  the  mean,  and  see  if  thb  correaponds  to  one 
measurement  made  b;  the  spring  compass. 

3.  Determine  the  thickness  of  a  glass  Qover  plate  b;  means  of  the 
micrometer  screw. 

S.  Detennine  the  thickness  of  a  visiting  card  by  the  same  instni- 

4.  Measure  the  diameter  of  a  nickel  five-cent  piece  by  the  cali- 

5.  Construct  a  vernier  in  stiff  paper,  making  the  vernier  f^  of  a 
subdivision  on  a  fixed  scale.  Do  the  same,  making  the  vernier 
-^  of  a  subdivision. 

6.  Determine  the  area  of  a  lot  or  small  field. 

7.  Find  the  volume  of  an  irregular-shaped  stone  or  mineral  by 
immeraing  it'  in  water,  and  measuring  the  water  diaplHced. 

8.  Find  the  volume  of  a  small  test  tube  by  weighing  the  mercury 
required  to  fill  it. 

Sola. — Can  you  from  this  neight,  and  the  known  length  of  the 
test  tube,  calculate  its  diameter  ? 


Gillespie's  Bnrveying,  or  any  other  Ntandard  work. 
The  Coatt  Amxy  in  Harper's  Monthly  for  March,  18T9,  vol. 
Iviii,  p.  000. 
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CHAPTER  VI 

MASS  Aim  WSIOBT 

AppAHATim :  Cuhvs  of  the  mne  sjie,  but  nude  out  of  diSbtent  nuteriml, 
■uch  08  cork,  wood,  day,  met&l.  A  acientiSc  bailance,  with  wcighla 
from  .001  tr 


52.  Kaaa. — We  have  defined  mass  as  the  quantity  of 
matter  in  a  body.  The  nnit  by  vhich  it  is  measured  is  the 
gramme. 

If  we  have  two  spheres  of  different  size  but  made  of  the 
same  material,  the  lurger  one  will  of  course  contain  the 
greater  mass.  In  case,  however,  the  material  is  different, 
the  smaller  sphere  may  have  the  greater  mass.  We  say, 
then,  that  mass  is  independent  of  volume,  and  we  can  not 
judge  of  the  mass  of  a  body  by  simply  looking  at  it,  or  even 
by  measuring  its  dimensions. 

Suppose,  for  example,  we  have  half  a  dozen  cubes,  made 
of  cork,  wood,  marble,  iron,  silver,  and  gold,  respectively, 
and  each  one  centimetre  in  dimension.  Their  volumes,  be- 
ing equal,  would  be  represented  by  the  proportion : 

1:1:1:1:1:1, 
while  their  masses  would  be  found  on  experiment  to  be  rep- 
resented very  closely  by  the  proportion : 
1  :  3  ;  11  :  30  :  42  :  76. 
That  is  to  say,  a  cube  of  gold  has  seventy-six  times  the 
amount  of  matter  contained  in  a  cube  of  cork  of  the  same 
size.     But  while  we  can  not  perceive  these  differences  in 
mass  by  the  eye,  we  do  perceive  them  very  readily  on  han- 
dling the  cubes.    The  greater  the  mass,  the  more  effort  it 
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takes  to  move  or  lift  them.  This  is  our  commoD  method  of 
judging  of  the  rnasB  of  bodies — that  ie,  by  vhat  we  call  their 
weight. 

Id  geneAl,  the  weight  of  a  body  is  directly  proportional 
to  its  masB,  bnt  we  must  be  very  careful  in  physics  not  to 
confound  the  two  terms.  The  maes  of  a  body  is  a  constant 
quantity  no  matter  where  the  body  may  be  placed ;  while 
the  weight  is  a  variable  quantity  depending  upon  circum- 
stances. Mass  and  Weight  are  therefore  two  entirely  dis- 
tinct expressions,  and  mast  never  be  used  the  one  for  the 
other.  The  reason  for  this  will  appear  still  clearer  on  con- 
sideriag  what  we  mean  by  weight. 

fi3.  OiaritatioiL — As  for  as  human  experience  extends, 
it  is  found  that  all  bodies  in  the  universe  tend  to  move 
toward  one  another.  We  call  this  tendency  gravitation. 
Its  intensity  depends  upon  two  factors — the  quantity  of 
matter,  and  the  intervening  space,  or  distance.  The 
gravitation  between  two  bodies  is  greater  the  larger  their 
mass  and  the  smaller  their  distance  apart.  This  was  first 
stated  by  Newton,  somewhat  as  follows  : 

"  Every  particle  of  matter  in  the  tmiverse  tends  to  move 
tovard  every  other  particle  in  a  straight  line  joining  the 
two,  and  with  an  intensity  depending  directly  upon  the 
product  of  their  masses  and  inversely  upon  the  square  of 
their  distance  apart." 

We  have  no  explanation  of  gravitation.  We  do  not 
know  why  bodies  tend  to  move  toward  one  another,  and  we 
never  expect  to  know.  The  above  statement  simply  ex- 
presses the  observed  fact.  The  name  gravitation  gives  us  a 
convenient  term  by  which  to  refer  to  the  action,  but  it  does 
not  explain  it. 

51.  The  Fonnnls  of  QraTitation.— It  is  often  convenient 
to  sum  ap  oar  observations  in  a  mathematical  expression  or 
formula.  This  is  simply  an  exact  and  short-hand  way  of 
representing  observed  tacts.  Nearly  all  young  students 
strongly  object  to  formulas,  under  the  mistaken  belief  that 
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they  are  difficult  and  obscure.  On  the  contrary,  they  are 
easy  and  clear.  Ho  great  progress  can  be  made  in  so  exact 
a  science  as  physics  without  their  use,  and  it  would  be 
well  for  every  student  at  the  very  outset  to  make  up  his 
mind  to  understand  and  use  them.  This  particularly  ap- 
plies to  gravitation,  where  we  sum  up  the  whole  matter 
very  briefly  as  follows : 

in  which  G  stands  for  gravitation,  m  and  m'  for  the  maeses 
of  two  bodies,  and  d  for  their  distance  apart.  It  should 
perhaps  be  added  that  the  distance  is  measured  from  the 
center  of  mass,  which  is  commonly  spoken  of  as  the  center 
of  gravity.  In  case  the  body  is  homogeneons — ^that  is,  of 
the  same  constitution  throughout — the  center  of  mass  cor- 
responds to  the  center  of  figure. 

55.  Weight. — In  harmony  with  this  universal  principle 
of  gravitation,  all  bodies  at  the  surface  of  the  earth  tend  to 
move  toward  its  center  of  mass  with  an  intensity  depending 
upon  their  mass  and  inversely  upon  the  square  of  their 
distance  from  the  center. 

56.  Weight  aa  the  Heasure  of  Gravitation. — We  can  now 
understand  why  weight  is  a  variable  quantity,  and  we  can 
understand  it  still  better  if  we  repeat  our  formula  of  gravi- 
tation :  , 

In  this  fraction,  m',  the  mass  of  the  earth,  and  m,  the 
mass  of  the  body  weighed,  are  constant,  while  d,  the  dis- 
tance from  the  center  of  the  earth,  is  constant  for  any 
one  place,  but  differs  for  different  places.  Therefore  the 
weight,  depending  as  it  does  upon  G,  depends  inversely  upon 
d*,  and  will  differ  in  different  places. 

As  we  pass  from  the  equator  to  the  poles  we  come  thir- 
teen miles  nearer  to  tlie  center  of  the  earth,  and  therefore 
the  weight  of  bodies  increases. 
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Ab  »e  ascend  high  monntains  we  paes  one,  two,  three, 
four,  sometimes  over  five  miles  farther  from  the  earth,  and 
therefore  the  weight  decreases. 

We  may  even  imagine  conditions  such  that  weight  would 
disappear  entirely.  There  is  a  point  between  the  earth  and 
the  moon  where  the  gravitation  toward  one  body  is  jnst  . 
equal  and  opposite  to  that  toward  the  other.  A  particle  at 
that  point  would  practically  have  no  weight. 

But  meanwhile  the  mass  has  undergone  no  change. 
At  the  equator,  at  the  pole,  on  the  high  mountain,  out  in 
gpace,  the  quantity  of  matter  was  the  same. 

Wo  may  therefore  say  that  mass  is  Independent  of  weight 
as  well  as  of  volume. 

57.  Heuorenunt  of  Kaai. — We  can  not  measure  mass 
directly,  since  we  can  not  directly  compare  our  standard 
gramme  with  the  unknown  mass  to  be  measured. 

We  must  therefore  measure  mass  indirectly — ^that  is,  by 
some  general  effect  of  mass  common  to  all  forms  of  matter. 

Weight  is  the  most  convenient  measure  of  mass,  and  the 
one  commonly  employed,  since  weight,  as  we  have  just 
seen,  is  directly  dependent  upon  mass,  and  is  constant  for 
any  given  place  on  the  earth's  surface.  The  practical  oper- 
ation of  finding  the  mass  of  a  body  consists  therefore  in  the 
process  of  weighing. 

58.  Teigbing. — The  operation  of  weighing  is  carried 
out  by  means  of  very  delicate  balances  and  very  carefully 
standardized  weights.  It  is  best  learned  by  practice.  It  is 
always  necessary  to  test  such  sensitive  instruments  before 
using  them,  as  they  are  very  liable  to  get  out  of  adjust- 
ment. The  weights  also  must  be  examined  from  time  to 
time  and  compared  with  standard  weights. 

Two  methods  are  in  use — direct  weighing  and  counter- 
poise weighing. 

In  the  first,  the  object  to  be  weighed  is  put  in  one  scale 
pan  and  the  weights  in  the  other.  Where  the  balance  is 
accurate,  it  is  the  more  convenient  and  better  method. 
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Iq  the  Becond  method  the  object  to  be  weighed  is  put  in 
one  scale  pan,  and  fine  shot  or  sand  added  to  the  other, 
until  the  pointer  is  at  zero.  The  object  is  then  removed, 
and  weights  put  on  the  scale  pan  in  its  place  until  the 
balance  ie  again  even.  This  method  neutralizes  any  inac- 
curacy in  the  balance  itself. 

The  balance  commonly  used  in  physical  work  wilt  weigh 
from  several  hundred  grammes  down  to  the  tenth  of  a  milli- 
gramme.    The  weights  of  one  gramme  and  over  are  made 


weighiDg. 

of  brass.  Those  less  than  a  gramme  and  down  to  ten  milli- 
grammes are  made  of  platinum,  while  the  milligramme 
weights  are  made  of  aluminium,  in  order  that  they  may 
have  greater  volume  and  consequently  be  easier  to  handle. 
The  fractions  of  a  milligramme  are  measured  by  a  small 
platinum  rider  which  is  placed  on  the  arm  of  the  balance. 
The  farther  it  is  moved  from  the  point  of  support  the 
larger  value  it  has. 
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When  the  right  weight  has  heen  found,  and  the  pointer 
stands  at  zero,  the  results  should  be  entered  in  a  notebook 
before  the  weights  themeelTea  are  disturbed.  This  saves 
many  mistakes.  It  is  well  to  take  the  reading  by  noting 
what  weights  are  absent  from  the  box,  and  then  verify  the 
resolt  when  the  weights  are  put  back  in  place. 

E:(PERI3CEHTB. — 1.  Weigh  aay  convenient  object  first  directly 
and  then  by  couoterpoising,  and  compare  the  reaults. 

a.  Weigh  the  same  object  with  an  added  flfty-gmmme  weight 
on  each  scale  pan,  and  see  if  the  balance  is  equally  sensitive. 

8.  Find  the  least  mass  that  may  be  accurately  neighed  on  your 
balance,  and  »ee  if  it  is  the  same  wheo  the  scale  pans  are  each  loaded 
with  ODC-hundred-gTsDime  weights. 

Phobleus. — I.  If  an  object  could  be  carried  to  the  center  of 
the  earth,  what  would  be  its  weight  f 

2.  In  going  toward  the  center  of  the  earth,  weight  at  first  in- 
creases and  afterward  diminiBhes.     Why  1 

8.  Would  a  man  weigh,  more  or  less,  on  the  moon  than  od  the 
earth! 


Chapters  on  the  Balance  and  on  Weighing,  in  Practical  Physics: 
Olazebrock  and  Shaw. 

Other  Worida  than  Ours,  by  Richard  A.  Proctor.  * 


fbyCoOglc 


CHAPTER  VII 

DKKSnT  AJfD  spianc  obavitt 

Apparatus  :  Hydroetatic  balance  and  ncighta.  DiBtllled  water.  Eighti- 
oiiiicv  lK«k('n>.  Plunger.  SpvciSc-gravity  bottle  of  Bttj  cubic  ciMiti- 
liiptn.>s'  capacitf.     Hydrometers.    Alcoholometer.    Lactometer. 

59.  Dendty. — We  speak  of  bodies  as  being  light  or 
heavy,  and  by  this  we  mean  light  or  heavy  in  proportion  to 
their  size.  A  small  cube  of  gold  contains  comparatively  a 
large  amount  of  matter,  and  ve  speak  of  gold  ae  being  very 
heavy.  A  similar  cube  of  cork  contains  little  matter,  and 
we  speak  of  cork  as  being  very  light.  This  relation  be- 
tween mass  and  volume  is  known  in  physics  as  density. 
Since  mass  is  meaaured  by  weight,  we  may  define  density 
practically  as  the  weight  of  a  unit  of  volume  of  the  sub- 
stance. The  unit  of  volume  being  the  cubic  centimetre, 
and  the  unit  of  mass  the  gramme,  we  express  the  density  of 
a  Bubstaucc  when  we  state  the  number  of  grammes  con- 
tained in  one  cubic  centimetre  of  the  substance. 

The  following  table  gives  the  density  of  a  number  of 
common  substances : 

Table  of  Den8itii!9. 

Cork 0.240     «i-  "^   ■■•    i   1- 

Wood 0.484  to  1.330 

lec 0.917  "  0.618 

Wax 0,960 

Human  body 0.987 

Coftl l.SOOtol.SOO 

San<i 1.420 

Clay 1.900 
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TiBLB  OF  DEHSiTiea  Icotttinued). 

Retort  carbon 1,90 

Grephito 2.17to2.33 

Crown  gises 2.03 

Marbla 3.65 

Qusrtz 3.85 

Flint  glass 8.00  to  6.00 

Diamond 3.49  "  8.53 

Castiron 7.00  "  7.70 

Wrought  iron 7.80  "  7.85 

Bronze  (CaandSn) 8.70  "  8.90 

Qenuan  silver  (Cu,  Zn,  and  Ni) 8.80  "  8.40 

Braaa  (Cu  and  Zn) 8.20  "  8.70 

Water 1.00000 

Ether 0.74000 

Alcohol 0.80620 

Turpentine 0.97000 

OUveoil 0.91000 

Sea  water 1.02600 

Milk 1.08200 

Air 0.0012»3 

Carbonic-acid  gas 0.001939 

Nore. — For  speciBo  gravity  of  single  metals  and  other  elements,  see 
Table  of  Elements,  pp.  13-14. 

It  is  to  be  observed  that  density  Tariea  ander  different 
conditions.  We  may  increase  density  by  packing  the  mole- 
calee  of  a  body  closer  together,  aa  when  we  roll  or  hammer 
metals  or  compresa  gases.  We  may  diminish  density  by 
alloving  the  molecales  to  separate,  as  when  we  expand 
bodies  by  heat.  Hence  it  is  that  in  stating  the  density  of 
gases  we  must  mention  the  temperature  and  also  the  prca- 
sure  to  which  they  are  subjected ;  and  of  solids,  the  tem- 
perature and  the  mode  of  preparation. 

60.  Specific  Oravitf  is  an  expression  somewhat  similar  to 
density  and  yet  not  qnite  identical  with  it.  Specific  gravity 
bears  much  the  same  relation  to  density  that  weight  does 
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to  mass.     It  is  our  practical  measure  of  the  relation  be- 
tween weight  and  volume. 

Specific  granty  may  be  defined  aa  the  ratio  between  the  ' 
weight  of  ft  given  volume  of  the  substance  and  the  weight 
of  the  aame  volume  of  a  second  substance  taken  as  a 
standard. 

This  is  the  same  as  saying  that  it  is  the  ratio  between 
the  density  of  the  substance  and  the  density  of  the  standard 
substance. 

The  specific  gravity  of  solids  and  liquids  is  referred  to 
water  as  a  standard.  Since  the  density  of  water  is  1,  the 
same  numbers  express  both  the  density  and  specific  gravity 
of  solids  and  liquids. 

The  specific  gravity  of  gases  is  referred  to  air  as  a 
standard,  but  since  the  density  of  air  is  only  .001393,  the 
numbers  expressing  the  density  and  specific  gravity  of 
gases  are  far  from  being  the  same. 

We  shall  have  nothing  to  aay  in  this  work  about  meth- 
ods of  finding  the  specific  gravity  of  gaees.  It  will  be  in- 
teresting to  note,  however,  what  is  the  specific  gravity  of  a 
few  of  the  more  familiar  ones,  aa  follows : 


Air 1.000 

Hydrogen 0.009 

Oxygen 1.106 

Nilrogen 0.971 

Aminotiia 0.537 


Csrbon  monoiide 0.907 

Cnrbon  dioxide 1.539 

n^drogen  sulphide  ... .  1.191 

Hydrochloric  acid 1.394 

Sulphur  dioxide 2.247 


Chlorine 8.440  I  Marsh  gas. -. 0JS39 

The  determination  of  the  specific  gravity  of  solids  and 
liquids  is  an  operation  of  much  importance.  It  is  com- 
monly carried  out  by  one  of  the  following  methods : 

1.  The  hydrostatic  balance. 

2.  The  specific-gravity  bottle. 

3.  The  hydrometer. 

The  second  method  only  will  be  considered  here,  the 
first  and  third  being  deferred  until  after  buoyancy  has 
been  treated. 
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61.  fipeciflo-Onirit;  Bottle. — This  is  a  Bmall  glass  fiask  of 
known  capacity,  usually  50  cubic  centimetres,  or  50  grammes 
of  water.     The  stopper  is  accurately  ground,  so  as  to  fit  cor- 
rectly into  the  neck  of  the  fiask,  and  has  a  fine  capillary  bore, 
as  shown  in  the  figure,  through  which  the  excess  of  liquid 
may  escape  when  the  stopper  is  pressed  into  its  seat.     A 
brass  connterpoise  is  provided  which  will  just  balance  the 
flask  and  stopper.     The  whole  purpose  of  the  bottle  is  to 
provide  a  means  by  which  we  can  always  measure  off  pre- 
cisely the  same  volume  of  a  liquid.     It  must  be  used  in  con- 
nection with  an  accurate 
balance.      The    method 
applies  to  both  solids  and 
liquids. 

a.  Solidn.  —  In  this 
case  the  solid  must  be  in 
small  pieces,  or  in  pow- 
der, so  that  it  can  read- 
ily be  put  into  the  bot- 
tle. A  given  weight  is 
taken,  generally  about 
five  grammes.  The  bot^ 
tie  is  then  carefully  filled 
with  distilled  water  and 
the  stopper  put  in  place, 
the  excess  of  water  es- 
caping through  the  capil-  Fio.  n.-Speeiflc-gravity  bottle. 
larytubo.  The  whole  bot^ 

tie  is  now  thoroughly  dried  with  tissue  paper  and  weighed. 
The  specific  gravity  of  the  solid  can  easily  bo  calculated. 
Suppose  that  just  fiye  grammes  have  been  taken,  and  that 
the  bottle  has  a  capacity  of  just  50  grammes  of  distilled 
water  at  the  ordinary  temperature  of  the  room.  When  the 
solid  is  in  the  bottle,  however,  the  capacity  is  no  longer  50 
grammes  of  water,  but  is  50  grammes  lens  the  weight  of  the  ^L 
water  displaced  by  the  solid.     Representing  this  by  m,  we     ft-' 


/■ 


ahftll  have      SO  +  6  —  m  =  weight  found  =  w, 
or  »«  =  50  +  6  —  ar  =  55  —  to, 

weight  in  air 


and  specific  gravity  = 


weight  of  equal  volume  of  water 


m      56- 


It  is  not  necessary  that  the  flask  should  hold  just  50 
grammeB,  or  that  we  should  take  just  5  grammes  of  the 
solid.  Indeed,  in  many  cases  it  is  much  more  convenient 
that  we  should  not  do  so.  If,  for  instance,  we  are  deter- 
mining the  specific  gravity  of  fine  wire,  and  have  cut  it  up 
into  short  lengths,  it  will  he  rather  difficult  to  weigh  out 
an  even  5  grammes. 

Example. — Silver  wire. 
AV eight  of  silver  taken  4.984  grammes. 

Weight  of  water  in  flask  50.168        " 

Weight  of  silver  and  water  above 

it  in  flask  54.679  (w) 

Weight  of  water  displaced  by  silver 

=  50.168  +  4.984  -  64.679  =         .473  grammes  (wi). 

Specific  gravity  of  silver  =  -^^  =  10.52. 

h.  Liqvidx. — The  specific-gravity  bottle  is  especially 
adapted  for  the  determination  of  the  specific  gravity  of 
liquids.  The  whole  process  consists  in  filling  the  bottle 
carefully  with  the  liquid  to  be  determined,  drying  it  as 
before  with  tissue  paper,  and  weighing  it.  This  weight 
(omitting,  of  course,  the  counterpoise)  divided  by  the 
weight  when  filled  with  water,  gives  the  specific  gravity. 

Example. — Milk. 

Weight  of  water  in  fiask  60.00  grammes. 

Weight  of  milk  in  flask  51.60         " 

Specific  gravity  of  milk  =  —  '    ~  1.032. 
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CHAPTEE   Vni 

itJousxmxtiEirT  or  motjoit 

63.  Hotion,  we  have  seen,  is  a  change  of  position.  To  | 
stndj  and  measure  motion  we  must  inquire  wliat  elementa 
in  it  are  variable.  Kow,  motion  is  only  manifested  in  bodies. 
We  will  not,  therefore,  stndy  motion  in  the  abstract,  but 
we  will  study  moving  bodies.  To  do  this  completely  we 
shall  have  to  consider  : 

1.  The  space  passed  over. 

2.  The  mass  of  the  moving  body. 

3.  The  time. 

4.  The  nature  of  the  motion,  whether  uniform  or 
variable.  _J 

5.  The  path  of  the  moving  body. 

The  upace  is  simply  the  length  of  the  path  covered  by 
the  moving  body.  Where  the  path  is  straight — that  is, 
where  the  motion  is  in  a  straight  line — the  space  passed 
over  is  simply  the  length  of  a  straight  line  joining  the 
original  position  of  the  body  and  its  final  position.  Where 
the  path  ia  a  broken  or  curved  line,  the  space  passed  over  is 
the  length  of  this  line.  In  all  cases  we  shall  measure  the 
space  in  centimetres,  and  designate  it  by  n. 

The  mass  of  the  moving  body  is  usually  expressed  in 
grammes  and  represented  by  m. 

The  lime  is  the  number  of  seconds  the  body  is  in  mo- 
tion, and  is  represented  by  I. 

These  three  quantities,  s,  m,  and  /,  are  all  directly 
measurable  by  tape-line,  balance,  and  clock.  They  are  the 
47 
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three  fundamental  onits  of  measurement  in  the  C.-G.-S.  syB- 
tem  (41).  There  are  relations  between  «  and  t,  and  be- 
tween these  two  and  m,  that  are  highly  important.  They 
are  defined  as  velocity  and  as  momentum. 

63.  Velocity, — If  a  body  move  over  a  space  of  50  nlttres, 
the  final  result  ia  the  same  whether  the  motion  takes  place 
in  a  minute  or  in  an  honr.  But  we  have  not  fully  de- 
scribed the  motion  unless  we  have  told  the  time  it  occu- 
pies. This  rate  of  motion,  or  speed,  is  called  velocity  and 
is  represented  by  v.  We  may  define  velocity  as  the  space 
passed  over  by  a  moving  body  in  one  second  of  time.  If 
the  body  be  moving  uniformly,  or  if  we  understand  v  to 
represent  average  velocity,  we  shall  have 


64.  KomtntviB. — It  evidently  makes  a  great  difference 
whether  the  moving  body  is  heavy  or  light,  as  we  should 
find  out  very  quickly  if  it  struck  us.  A  heavy  body  has 
more  motion  in  it  than  a  light  body,  even  though  both  move 
at  the  same  velocity.  We  define  the  amount  of  motion  as 
momentum^  and  represent  it  by  M.  It  is  the  product  of 
the  mass  by  the  velocity  : 

M  =  mv. 

A  heavy  body  moving  with  little  velocity  may  still  have 
a  much  greater  momentum  than  a  light  body  moving  with 
high  velocity,  but  the  effect  of  the  two  upon  ns  will  be  very 
different.  The  heavy,  slowly  moving  body  will  do  us  no 
harm  if  we,  too,  are  free  to  move,  because  by  a  very  slight 
effort  we  can  give  ourselves  the  same  velocity  as  the  body. 
But  in  the  case  of  the  light,  rapidly  moving  body,  say  a 
bullet,  the  injury  may  readily  be  fatal.  Before  the  bullet 
can  be  robbed  of  its  momentum,  it  may  penetrate  to  some 
vital  spot.  The  velocity  ia  so  great  that  we  can  not  hope 
to  acquire  it  ourselves,  and  so  repulse  the  bullet  by  going 
along  with  it. 
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65.  SBtore  of  tlw  Kotlon. — Further,  motion  rariee  with 
respect  to  time — that  ie,  is  uniform  or  Tarlable.  Motion  is 
uniform  when  the  moving  bod;  passee  over  the  same  space 
each  second.  Motion  is  variable  when  the  spaces  passed 
over  in  BuccessiTe  seconds  are  different. 

Acceleration. — This  change  of  motion  may  itself  be  uni- 
form or  variable.  It  is  uniform  when  the  increase  in  the 
space  pasaed  over  in  euccessive  seconds — that  is,  the  in-  . 
crease  of  velocity — is  the  same.  In  this  case,  the  uniform 
velocity  added  is  called  the  acceleration.  It  is  usually  rep- 
resented by  a.  If  a  body  start  from  a  state  of  rest,  and 
add  a  velocity  of  a  centimetres  each  second,  it  is  mani- 
fest that  its  velocity  at  the  end  of  t  seconds  will  be  equal 
to  ^  X  <i,  or 

V=at. 

If  a  ball  rolling  down  an  inclined  plane  has  at  the  end 
of  each  second  respectively  a  velocity  of  3,  4,  6,  etc.,  the 
average  velocity,  or  the  space  passed  over  in  each  second, 
will  be,  for  the  first  second,  the  mean  between  0  and  3  or  1, 
and  for  the  others  3,  5,  etc.,  the  mean  between  2  and  4,  4 
and  6,  etc.  \^ 

66.  Path  of  ft  Morlng  Body.-^A  moving  body  may  trace 
any  path  whatever.  The  simplest  path  is,  of  course, 
a  straight  line.  A  boat  moving  without  vibration  over 
the  enrface  of  still  water  may  trace  an  almost  perfectly 
straight  line.  But  the  actual  path  of  bodies  is  usually 
very  much  more  complex  than  this.  The  path  of  the 
moon  is  an  example.  The  moon  moves  around  the  earth 
in  a  constantly  shifting  path.  She  also  moves  with  the 
earth  around  the  sun.  Further,  she  is  probably,  along 
with  the  sun  and  the  rest  of  the  solar  system,  mak- 
ing a  grand  tour  through  space  around  some  other  cen- 
ter. TTie  actual  path  of  the  moon  must  be  considered 
as  componnded  of  these  three  and  many  other  separate 
motions. 
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Curvilinear  Path. — A  body  tuoTing  in  s  straight  line 
would  go  on  moving  in  a  straight  line  forever,  unless  aome 
second  motion  vere  compounded  with  the  first,  and  so 
changed  the  path.  We  conceive  that  every  curvilinear  path 
is  the  result  of  compounding  two  or  more  motions.  The 
most  familiar  example  is  that  of  a  projectile  of  any  kind 
thrown  into  space.    Suppose  it  to  be  a  ball  and  to  be  thrown 
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Fio.  18.— Motion  of  earth  (B'i  Hronnd  the  s 


_  horizontally.  As  we  all  know,  it  will  approach  nearer  and 
nearer  to  tlie  earth,  and  will  finally  strike.  We  explain  this 
curvilinear  path  by  saying  that  the  ball  has  two  motions : 
one  in  a  horizontal  direction,  given  by  the  throw ;  and  an- 
other in  a  vertical  direction,  due  to  the  weight  of  the  ball 
— that  is,  to  gravitation.  We  may  represent  this  graph- 
ically by  the  diagram  shown  in  Fig.  20,  and  this  is  a  very 
convenient  way  of  studying  such  curvilinear  paths.     In  the 
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Fio.  18. -Motion 


cue  of  all  projectileB  the  path  is  a  parabola,  the  curve  pro- 
duced when  we  paae  a  plane  through  a  cone  parallel  to  one 
of  the  elements  of  the  cone ;  that  is,  to  one  of  the  lines 
joining  the  apex  of  the  cone 
with  eome  point  on  tho  base, 
and  lying  in  the  surface  of  the 
cone. 

In  the  same  way  the  earth 
may   be   conceived    as   having 
two  separate  motions :  one,  its 
original    projectile   motion,  if 
we  may  use  such  an  espreaaion ; 
and  the  other  its  motion  of  con- 
stantly falling  toward  the  sun. 
By  the  compounding  of  these 
two  motions,  we  get  a  curve,  which  repeats  itself  each  year, 
and  is  known  as  the  path  or  orbit  of  the  earth.     This  is  an 
ellipse,  the  curve  produced  when  a  cone  is  cut  by  an  oblique    - 
plane  meeting  all  the  elements  (Fig.  18). 

Bimilsrly  a  ball  or  other  heavy  object  attached  to  the  end 
of  a  string  may  be  twirled  around  so  as  to  describe  a  circa* 
lar  path.  Here  the  motion  of  the  hall  is  constantly  com- 
pounded with  the  pull  exerted  by  the  string.  The  ball, 
being  kept  at  constant  distance  (the  length  of  the  string) 
from  a  fixed  point  (your  hand),  is  forced  to  describe  a  circle, 
since  a  circle  is  the  locus  of  all  points  in  a  plane  at  a  fixed 
distance  from  a  given  point  (Fig.  19). 

These  three  paths — circle,  ellipse,  and  parabola — are  all 
comparatively  simple,  but  they  represent  only  a  few  out  of  « 
many  possible  paths.    The  study  of  more  complex  paths  re- 
quires a  somewhat  full  mathematical  knowledge,  and  will 
be  found  in  larger  works  on  mechanics. 

Rotating  Bodieg. — We  have  bo  far  assumed  that  the 
bodies  we  have  been  studying  were  moving  freely  in  space. 
A  special  case  of  great  practical  importance  is  presented 
when  one  point  of  the  body  is  fixed,  and  tho  only  possible 
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motion  is  one  of  rotation,  aa,  for  example,  a  carriage  wheel 
or  the  fly-wheel  of  a  steam  engine.  Here  a  series  of  points 
is  dxed,  what  we  call  the  axis  of  the  wheel,  and  rotation 
takes  place  about  this  straight  line.  We  can  not  speak  of 
the  velocity  of  such  a  rotating  body,  since  all  particles  at 
different  distances  from  the  axis  move  with  different  veloci- 
ties. The  usual  method  of  measuring  such  motion  is  to 
state  the  number  of  rotations  per  minute.  A  good  average 
dynamo  may  make  1,300  rotations  per  minute. 

67.  Uniti  of  Kotion. — We  can  evidently  measure  these 
several  aspects  of  motion  in  the  C.-G.-S.  system. 

Unit  velocity  is  a  velocity  of  1  centimetre  per  second. 

Unit  momentum-is  a  mass  of  1  gramme  moving  with  nnit 
velocity — that  is,  1  gramme  moving  1  centimetre  per  second. 

Unit  acceleration  is  unit  velocity  added  or  subtracted 
each  second — that  is,  1  centimetre  per  second,  each  second. 

Unit  force  {F=  ma)  is  a  change  of  unit  momentum  per 
second,  or  a  change  per  second  of  1  gramme  moving  1  centi- 
metre per  second.  This  unit  is  known  as  the  dyne,  and  is 
of  great  importance  among  physical  units.  It  is  commonly 
defined  as  that  force  which,  acting  for  one  second  on  1 
gramme  of  matter,  imparts  to  it  an  acceleration  of  1  centi- 
metre per  second. 

pROBi.KMB. — 1,  What  ia  the  velocity  in  centtnietrei  per  second  of 
a  boy  riding  a  bicycle  at  the  rate  of  twelve  miiea  an  hour  f  It  the 
road  be  level  and  straight,  what  is  bis  path  ? 

2.  What  is  tlie  average  velocity  of  an  ocean  gteamer  which  re- 
quires ail  days  to  run  from  New  York  to  laverpool  t  Expreaa  in 
centimetres  per  second. 

8,  Assuming  the  boy  to  weigh  120  pounds,  and  the  steamer 
10,000  tons,  compare  the  momentum  of  the  two  bodies. 

4.  What  is  the  acceleration  of  a  body  which  starts  from  a  state 
of  rest,  and  after  moving  for  Ave  seconds  has  a  velocity  of  160  feet 
per  second  ?  If,  at  the  end  of  the  five  seconds,  the  same  accelera- 
tion, but  negative,  acted  on  the  body,  when  would  it  come  to  rest  f 

5.  A  stone  attached  to  the  end  of  a  string  is  twirled  around  the 
hand.    If  the  string  break,  nhut  path  will  the  stone  describe  t 
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6.  The  fly-wheel  of  »  lu^  pumping  enj^ne  is  making  120  rota- 
tions per  minute.  If  the  wheel  be  twelve  feet  in  diameter,  what 
will  be  the  velocitj,  in  centimetres  per  second,  of  on;  point  on  the 
circumference  ? 

T.  If  the  bodj  in  problem  4  weighed  ten  grammes,  what  force  in 
dynes  was  acting  upon  it ! 

8.  Wh;  does  a  man  running  down  a  beach  into  the  water  inTsria- 
bl;  pitch  head  foremost  t 

ft.  What  path  does  the  rash  man  describe  who  jumps  from  a 
mo  ring  street  car  } 

Rrtebsikce. 

Elements  of  Mechanics,  bj  Oliver  J.  Lodge. 
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CHAPTER  IX 

FAZiLINO    BODIES 

68.  Gravitation  {53-56).— All  bodies  neai-  the  surface  of 
the  earth  will,  if  unsupported,  fall  toward  the  surface  of 
the  earth,  or  if  supported  will  exert  a  preeeure  on  the  sup- 
port equal  to  their  weight.  The  term  graritatiou  includes 
both  the  direct  motion  of  falling  bodies  and  the  pressure 
or  weight  exerted  by  bodies  at  rest.  We  have  already,  in 
Chapter  VI,  considered  gravitation  as  weight;  it  remains 
for  us  to  consider  it  as  motion. 

Even  Sir  Isaac  Sewtoa,  who  investigated  gravitation 
with  a  scientific  thoroughness  that  baa  left  little  for  subse- 
quent inquirers  to  find  out,  declined  to  assign  any  cause 
for  gravitation,  and  seems  to  have  believed  that  it  ia  beyond 
human  ken  to  discover  the  cause.  He  was  very  explicit, 
however,  in  stating  that  action  at  a  distance  between  two 
bodies  is  unthinkable— that  is,  he  believed  that  two  bodies 
in  space  can  not  attract  each  other  across  a  perfect  vacuum, 
and  that  no  one  with  a  philosophical  mind  would  ever  think 
such  a  thing.  Our  inability  to  conceive  attraction  between 
two  totally  unconnected  bodies — that  is,  our  inability  to 
explain  action  at  a  distance — has  made  it  necessary  to  fill 
all  space  with  some  medium  which  might  serve  as  a  common 
carrier  for  gravitation  and  all  forms  of  radiant  energy; 
that  is,  all  forms  of  energy  which,  like  radiant  heat  and 
light,  travel  through  space  in  straight  lines.  This  medium, 
tlio  Ether,  ia  supposed  to  fill  all  free  space  and  also  the 
intermolecular  regions  of  all  gases,  liquids,  and  solids. 
54 
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Tttere  is  not  a  single  physical  fact  which  bears  direct  testi* 
mooy  to  the  existence  of  the  ether,  but  neverthelesB  it  is 
coming  to  figure  more  and  more  prominently  in  all  physical 
discusBioiu,  because  it  enables  us  to  deal  with  undoubted 
physical  facts  which  we  should  otherwise  be  unable  to 
handle.  The  present  tendency  is  to  regard  gravitation  as 
a  strain  in  the  ether  by  which  bodies  are  pushed  together, 
rather  than  as  a  mutual  pull  exerted  by  the  bodies  them- 
Bel  res. 

The  cause  of  gravitation  has  naturally  aroused  the 
curiosity  of  all  thinking  minda,  but  most  men,  like  Newton, 
have  put  it  aside  as  unknowable.  Still,  if  you  go  to  any 
great  scientific  library,  you  will  find  a  few  slender  volumes 
which  ventare  to  discuss  the  problem. 

69.  The  Value  of  j.— Every  one  knows  that  the  farther  a 
body  falls  the  faster  it  goes.  We  do  not  hestitate  to  jump 
from  the  top  of  a  fence,  but  no  one  is  so  foolish  as  to  jump  . 
from  a  third-story  window.  Gravitation  as  motion — that 
is,  the  actual  velocity — is  not  uniform,  but  is  found  by  ex- 
periment to  increase  uniformly  in  all  falling  bodies.  We 
therefore  speak  of  gravitation  as  an  acceleration  (68),  and 
since  it  is  a  special  and  very  unportant  acceleration,  we 
represent  it  by  a  special  symbol,  g.  This  is  the  velocity 
added  to  a  falling  body  each  successive  second. 

g  is  not  a  constant ;  at  the  equator,  at  sea  level,  the 
value  of  g  is  978.1  centimetres ;  at  the  poles,  at  sea  level,  it 
is  983.1  centimetres.  This  is  partly  due  to  the  fact  that  at 
the  poles  one  is  about  21^  kilometres  nearer  to  the  center  of 
the  earth,  and  partly  due  to  the  fact  that  at  the  equator  the 
earth's  rotation  tends  to  diminish  g.  If  the  earth  turned 
seventeen  times  as  fast  as  it  does  now,  g  would  become 
zero;  if  faster  than  this,  objects  at  the  equator  would  be 
thrown  oft  into  space;  g  also  varies  with  the  altitude, 
being  greater  at  sea  level,  and  less  on  top  of  mountains. 

The  valne  of  g  for  all  places  near  the  fortieth  parallel  of 
latitude  may  be  taken  as  980  centimetres  (about  33  feet). 


It  is  the  Bftme  for  all  bodies,  light  or  heavy,  and  only  ap- 
pears different  on  account  of  the  unequal  resistance  offered 
by  the  air.  In  a  vacuum  all  bodies  fall  with  the  same 
speed. 

70.  Falling  Bodlea.— The  velocity  of  a  falling  body  de- 
pends directly  upon  the  length  of  time  it  has  been  falling. 
Since  the  acceleration  g  is  added  each  second,  the  velocity 
at  the  end  of  t  eeconds  must  be  t  times  g. 
«  =  gt. 
Taking  ^  as  33  feet,  we  should  have : 

Velocity  at  end  of  Ist  second  =    32  feet. 
«        "    "     "  2d        "       =    64    " 
"    "     '',3d        "       =    96    « 
"        «    «     «  4th       "       =  138    " 
"     "     "  5th       "      =  160    " 
The  space  passed  over  by  a  falling  body  is  evidently  the 
average  velocity,  multiplied  by  the  time.     The  body,  start- 
ing from  rest,  has  an  initial  velocity  of  zero,  and  at  the  end 
of  /  seconds  a  final  velocity  of  gt-,  and  the  average  velocity 
will  be  the  mean  of  these  two : 


-_gt 


=  ifft. 


Hence 

s-igt  X  i  =  igi*. 
This  gives  the  total  space  passed  over  in  t  seconds.     The 
spaces  passed  over  in  svccesxive  seconds  are  as  follows : 
During  the  Ist  second  =    16  feet. 
"    2d       "       =    48    " 
*'         "    3d       "       =    80    " 
"    4th      "       =  112    " 
«    5th      "       =  144.  « 
The  formulas  give  us  a  ready  means  of  calculating  all 
the  elements  involved  in  falling  bodies. 
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71.  Fnijectilei. — We  have  seen  (69)  that  the  motion  ot 
a  projectile  is  compounded  of  two  motions,  the  original 
projectile  motion  and  the  vertical  motion  of  grsTity.  If 
we  suppose  a  cannon  ball  to  he  fired  horizontally  from  the 
top  of  a  tower,  its  path  would  be  represented  as  follows : 


Fio.  ao.~I^th  of  k  cAunon  ball. 


If  the  tower  were  400  feet  high,  the  cannon  ball  would  reach 
the  earth  in  just  &  seconds.  Had  it  simply  been  dropped 
from  the  top  of  the  tower,  it  would  have  reached  the  earth 
in  precisely  the  same  time.  This  seeme  curious  and  at  first 
sight  impossible ;  but  a  moment's  reflection  will  make  the 
matter  clear.  In  succeeding  seconds  the  ball  drops  16,  48, 
80,  lis,  and  144  feet  respectively,  and  this  whether  it  is 
moving  horizontally  or  not ;  hence  in  6  seconds  the  ball  must 
Btrike  the  earth.  In  practice,  therefore,  the  caiyion  must  be 
aimed  at  a  considerable  angle  above  the  horizontal  in  order 
that  the  ball  may  carry  any  great  distance.  It  is  in  this  way 
that  modem  guns  are  able  to  throw  a  ball  13  miles  and  over. 
li.  Snggeition. — In  the  preceding  paragraph  the  curva- 
ture of  the  earth  was  neglected.  The  surface  waa  assumed 
to  he  plane.  But,  as  we  know,  the  surface  is  spherical,  and 
in  long-distance  surveying  this  fact  must  always  be  taken 
into  consideration.  If,  therefore,  we  could  fire  a  cannon 
ball  with  sufBcient  speed  to  have  the  curvature  of  the  earth 
just  nentralize  the  fall  due  to  gravity,  and  if  there  wore  no 
loss  of  speed  by  reason  of  the  resistance  of  the  air,  and  no 
interruption  from  mountains  or  other  obstacles,  our  cannon 
ball  would  pass  completely  aronnd  the  earth,  and  would  be- 
come a  satellite  ot  the  earth. 
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What  speed  would  we  have  to  give  the  caimon  ball? 
Id  1  eecoQd  the  ball  falls  16  feet.  To  be  at  the  same  dis- 
tance above  the  earth  as  when  it  started,  the  ball  must  in 
1  second  have  reached  a  point  where  the  curved  surface  of 
the  earth  is  16  feet  below  the  horizontal  line  drawn  through 
the  starting  place.  This  ie  the  case  at  places  five  miles 
apart.  Hence,  our  cannon  ball  to  become  a  satellite  of  the 
earth  would  require  a  velocity  of  5  miles  a  second — that 
is,  36,400  feet  per  second — and  would  pass  around  the  earth 
in  I  hour,  33  minutes,  and  30  seconds. 

73.  Vertical  Pi^«itile«.— If  a  body  is  thrown  straight  up 
in  the  sir,  its  velocity  becomes  constantly  less  until  finally 
the  body  comes  to  rest.  Neglecting  the  resistance  of  the 
air,  it  is  easy  to  calculate  just  how  far  up  the  body  will 
go.  Suppose  its  initial  velocity  to  be  160  feet  per  second. 
Then,  knowing  that  gravitation  will  rob  it  of  32  feet  each 
second,  we  can  readily  see  that  at  the  end  of  5  seconds  the 
original  impulse  will  be  completely  neutralized,  and  the 
body  will  momentarily  come  to  rest.  It  is  now  400  feet  up 
in  the  air  (a  =  J  g/*),  and  starts  immediately  to  fall  back 
toward  the  earth.  The  return  journey  also  takes  6  seconds, 
and  the  final  velocity  will  be  the  same  as  the  initial  velocity 
— 160  feet  per  second.  The  entire  excursion  requires  10 
seconds,  and  the  velocity  at  any  point  is  always  the  same, 
whether  the  body  be  going  up  or  down. 

PnoBLBMS.  —  1 .  With  what  velocity  would  a  man  strike  the  water 
ID  falling  from  a  bridge  ISO  feet  high  ? 

8.  How  far  would  a  body  fall  in  tO  seconds  ? 

3.  Through  what  distance  does  a  bod;  fall  during  the  sixth 
second  ? 

4.  A  atone  is  thrown  upward  with  n  velocity  of  128  feet  per  sec- 
ond '\  what  velocity  has  it  when  193  feet  high  1 
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74.  Importanoe  of  Fendnlnin. — We  shall  deTote  a  whole 
chapter,  thongh  a  short  one,  to  the  pendnlam  alone,  be- 
cause of  its  importance  in  the  sttidy  of  mo- 
tion and  of  gravity  and  its  application  in  time- 
keeping. 

We  can  best  study  the  pendnlnm  by  means 
of  an  ideal  instrument  known  as  the  simple 
pendulum.  While  this  is  purely  imaginary, 
the  results  obtained  from  such  a  study  may 
easily  be  applied  to  the  real  instrument  by 
the  addition  of  a  few  inconveniences. 

75.  The  Simple  Fendnlom. — This  consists 
of  a  heavy  metallic  bob,  M,  so  homogeneous 
throughout  as  to  have  its  centre  of  figure  and 
centre  of  gravity  at  the  same  point.  We  con- 
ceive the  entire  mass  to  act  as  if  concentrated 
at  this  point.  The  bob  is  suspended  from  the 
point  of  support,  0,  by  a  rigid  thread  which 
has  neither  weight  nor  friction.  The  length 
of  a  simple  pendulum  (I)  is  the  distance, 
0  Si,  from  the  point  of  support  to  the  centre 
of  gravity  of  the  bob.     {See  Fig.  22.) 

Ordinarily  the  pendulum  will  hang  in  a  ""Jiliidufuui."* 
vertical  line,  0  M.  It  M  ia  displaced  through 
the  angle  a  to  the  position  M',  it  will  tend  to  return  to  its 
original  position  by  virtue  of  its  weight.  But  when  it 
reaches  M  it  has  acquired  a  certain  momentum  which  car- 
su 
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riea  it  to  the  extreme  position  on  the  left,  M".  If  it  were 
uot  for  the  resistance  of  the  air  (we  have  assumed  the  ah- 
sence  of  friction)  MM"  would  just  equal  MM',  and  the 
pendulum  would  go  on  osciUating  forever.  As  it  is,  the  arc 
of  displacement  becomes  gradual!;  less,  and  the  pendulum 
finally  comes  to  rest  again  at  M. 

76.  The  Motion  <A  the  FenditlaiiL— When  displaced,  the 
return  of  the  peadulun*  to  the  vertical  is  due  not  to  the 
whole  force  of  gravitation  evidently,  since  the  bob  is  sus- 


\ 


Fio.  23. — Uutian  of  tbe  pendalnm.  ^''V 


pended  from  0  and  can  only  move  in  an  arc  of  a  circle 
whose  centre  is  at  0.  It  must  be  due  to  some  component 
of  gravitation  acting  along  the  arc -tfjtf"'.  Let  oe  investi- 
gate the  matter.  Gravitation  can  only  act  vertically  down- 
ward, hence  we  must  always  represent  it  by  a  downward 
vertical  line,  as  M'a.  This  may  be  resolved  into  two  com- 
ponents, one  (M'd)  in  the  direction  of  the  thread  produced, 
and  the  other  (M'b)  at  right  angles  to  this,  and  consequently 
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i&ngenttoM'M&tM'.  ThecompoDent  ifc^repreBenta  the 
pull  on  the  thread,  and  is  therefore  to  be  neglected.  The 
component  M'b  is  that  part  of  gravitation  which  shows  itself 
OS  motion  toward  the  vertical.  As  M'  descends,  the  com- 
ponent M'b  decreases,  and  at  Jf  disappears  entirely.  Here 
the  entire  weight  of  the  bob  is  exerted  as  a  pull  on  the 
thread.  But  the  required  momentum  carrieB  the  bob  on  to 
M",  and  the  component  of  motion,  corresponding  to  M'b, 
reappears  and  increases  until  it  overcomes  the  momentum 
and  brings  the  bob  to  rest  at  M".  In  paaaing  from  M"  back 
to  if'  the  same  course  of  events  repeats  itself  in  inverge  order. 

??.  rormola  of  the  Fendnlnm. — The  displacement  of  the 
pendulum  on  either  aide  of  the  vertical — that  is,  MJf',  or 
MM" — ^ie  called  the  amplitude  of  the  vit(ration.  The  motion 
is  periodic,  and  is  found  for  small  displacements  to  occupy 
practically  the  same  time.  We  express  this  by  saying  that 
the  vibrations  are  isochronous.  It  is  upon  this  property 
that  the  value  of  the  pendulum  as  a  time-keeper  depends. 

The  time  of  vibration  of  a  pendulum  commonly  means 
the  time  that  it  takes  the  pendulum  to  pass  from  one  ex- 
treme position  (if')  to  the  other  extreme  position  (M"),  and 
is  represented  by  /.  We  find  its  value  by  developing  the 
formula  of  the  pendulum.  This  can  only  be  rigidly  carried 
out  by  means  of  higher  mathematics,  and  so  wc  must  con- 
tent ourselves  here  with  a  simple  statement  of  the  formula: 


78.  DiwoHioii  tA  Farmola. — This  is  a  very  simple  for- 
mula, but  one  which  involves  large  consequencuB.  It  shows 
that  the  time  of  vibration  depends  on  two  things — directly 
on  the  square  root  of  length,  and  inversely  on  the  square 
root  of  g.  Consequently,  to  increase  the  time  two,  three, 
four  or  five  fold,  we  should  have  to  increase  the  length  four, 
nine,  sixteen,  or  twenty-five  fold.  This  can  readily  be  veri- 
fied by  experiment.     Further,  on  account  of  the  increase  in 

Google 
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the  valne  of  g,  a  giren  pendnlam  vibrates  more  rapidly  il 
taken  from  the  equator  to  the  poles. 

79.  Time-keeping  and  the  Seoondi  Pendnlvm. — la  the 
Cathedral  of  Pisa,  and  right  next  door  to  the  celebrated 
Leaning  Tower,  there  is  still  to  be  seen  an  antique  tamp 
suspended  from  the  roof  by  a  long  cord.  It  is  said  that 
away  back  in  the  year  1583  a  boy  by  the  name  of  Galileo 
noticed  that  the  oscillations  of  this  Tenerable  lamp  were 
extremely  regular,  and  he  was  led  to  believe  were  isochro- 
nons.  Experiment  showed  that  he  was  right.  By  using  a 
ball  with  strings  of  diSerent  length,  he  also  discorered  that 
the  time  varied  as  the  square  root  of  length.  It  was  not, 
however,  until  1656  that  Huygens  made  use  of  the  pendu- 
lum to  mark  time.  Each  swing  of  the  pendulum  is  allowed 
to  liberate  a  single  tooth  of  an  escapement  wheel,  and  so 
regulates  the  rate  at  which  the  clock  hand  creeps  around 
the  dial. 

To  find  the  length  of  a  pendulum  which  shall  beat  sec- 
onds at  any  given  place,  we  have  only  to  make  /  =  1,  sub- 
stitute the  value  of  g  tor  that  place,  and  solve  our  time 
equation  for  I. 

1=^.     {r  =  3.14169.) 
If  ^  =  980,  we  have 

1=  ^- =  99  em.  (appr.). 

The  length  of  the  seconds  pendulum  is  least  at  the  equator 
and  greatest  at  the  poles,  but  even  at  the  poles  it  is  still  a 
little  less  than  a  metre. 

80.  Determination  of  ^  by  the  Fendnlnm.— The  pendu- 
lum gives  us  an  indirect  hut  at  the  same  time  very  simple 
and  accurate  method  for  determining  g.  Knowing  the 
length  of  the  pendulum,  and  observing  its  time  of  oscilla- 
tion, we  have  only  to  solve  the  time  equation  for  g. 
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Nearly  all  determinations  of  g  for  practical  purposes  have 
been  made  in  this  way. 

81.  The  Compoand  Fendnlnm.— We  caa  not  get  a  perfect 
bob  and  still  less  a  rigid  thread  without  weight  or  friction. 
But  the  simple  pendulum  is  a  capital  example  of  the  great 
nsefalness  of  ideal  machines  in  physical  investigations. 
The  law  of  the  simple  pendulum  applies  equally  to  the 
real  or  compouud  pendulum,  if  we  calculate  the  length  {t) 
of  an  equivalent  simple  pendulum.  Thie  equivalent  length 
for  the  compound  pendulum  is  the  distance  from  the  point 
of  suspension  to  a  point  called  the  "  centre  of  oscillation." 
We  have  seen  that  the  time  of  oscillation  depends  on  the 
square  root  of  the  length.  Hence  in  a  real  pendulum  all 
the  particles  in  the  upper  part  of  the  rod  are  retarded,  and 
all  the  particles  in  the  lower  part  of  the  bob  are  accelerated. 
But  there  must  be  one  point  on  the  axis  which  ia  neither 
retarded  nor  accelerated,  and  this  is  the  centre  jof  oscilla- 
tioo.  Huygens  found  that  the  centre  of  suspension  and 
the  centre  of  oscillation  are  interchangeable — that  is,  the 
time  of  oscillation  is  not  altered  by  using  either  centre  for 
the  point  of  suspension.  This  gives  us  a  practical  method 
for  finding  the  centre  of  oscillation,  and  so  calculating  the 
length  of  the  indwelling  ideal  pendulum. 

Problems.— 1.  Will  a  change  of  temperHture  affect  the  time  of 
oscillation  of  a  compound  pendulum,  and  why  ! 
2.  How  could  this  variation  be  avoided  ? 


For  an  approximate  derivation  of  the  formula  of  the  pendulum, 
see  Eucfclopsdia  Britaunica,  article  Mechanics,  pamgrapliR  61  and 
184 ;  and  for  a  rigid  derivation  see  any  standard  work  on  liigher 
mecbaoics  or  advanced  phjmca. 
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83.  Compoaition  of  JCotionL — It  is  evident  that  a  body  can  . 
only  move  in  one  direction  at  one  and  the  same  moment; 
hence  if  two  or  more  motions  are  impressed  upon  a  bod;  at 
the  same  time,  these  motions  must  be  compounded  into  a 
single  motion  which  represents  the  actual  motion  of  the 
body.  This  process  of  substituting  one  motion  for  two  or 
more  separate  motions  we  call  tbe  Composition  of  Motions, 
and  the  single  motion  thus  Bubstitnted  is  known  aa  the 
Resultant.  It  is  convenient  to  represent  these  motions  by 
straight  lines  which  symbolize  by  their  magnitude  and 
direction  the  magnitude  and  direction  of  the  motions  them- 
selves. In  addition  we  must  know  where  the  motion  starts, 
or  its  point  of  application. 

When  the  motions  are  in  the  same  direction  and  have 
the  same  point  of  application,  the  resultant  is  evidently 
equal  to  their  sum. 

When  the  motions  are  opposite  in  direction  and  have 
the  same  point  of  application,  the  resultant  is  their  differ- 
ence and  is  in  the  direction  of  the  greater  motion. 

When,  however,  the  motions  are  inclined  to  each  other 
in  direction  and  have  the  same  point  of  application,  the  re- 
sultant will  manifestly  take  a  direction  between  the  two 
motions  and  inclining  to  the  greater  motion.  We  can  find 
its  magnitude  and  direction  by  representing  the  two  mo- 
tions in  magnitude  and  direction  by  straight  lines  drawn 
through  a  point  and  then  constructing  a  parallelogram 
U 
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npon  these  linea  as  adjacent  sides.  The  diagonal  will  rep- 
resent the  regnttant.  Thus,  let  the  motions  A  and  B  hare 
ft  common  point  of 
application,  0,  and 
conatrnct  the  paral- 
lelogram 0  A  0  B. 
Then  0  C  is  the  r&- 
Bultant. 

The  figure  needs 
no  demonstration.  If 
we  imagine  the  body 


Fio.  S3.— I^iallelagnttD  of  motions. 


to  have  a  motion  A,  represented  in  magnitude  and  direc- 
tion by  O  A,  it  is  clear  that  under  the  action  of  that  mo- 
tion alone  the  body  would  move  to  A.  Similarly,  under 
the  influence  of  the  motion  B  alone,  represented  in  magni- 
tude and  direction  by  0  B,  the  body  wonld  move  to  £ ;  but 
as  these  two  motions  take  place  at  the  same  time,  the  body 
must  respond  to  both  impulses  and  more  along  a  line  0  0, 
which  will  take  it  as  tar  down  as  B  and  as  far  to  the  right 
as  A.    The  point  C  fulfills  both  conditions. 

83.  ParaUelogiam  of  Xotioni.— This  method  of  finding 
the  resultant  of  two  motions  is  of  the  utmost  importance  in 
mechanics.  It  is  called  the  parallelogram  of  motions  Aai 
is  often  stated  as  follows : 

"  If  two  motions  impressed  upon  a  body  be  represented 
in  magnitude  and  direction  by  two  straight  lines  drawn 
through  the  center  of  gravity  of  the  body,  and  a  parallelo- 
gram be  constmcted  upon  these  straight  lines  as  adjacent 
sides,  then  the  resultant  motion  will  be  represented  in  mag- 
nitude and  direction  by  that  diagonal  of  the  parallelogram 
passing  through  the  center  of  gravity." 

It  is  clear  that  the  parallelogram  of  motions  can  be  used 
to  find  the  resultant  of  any  number  of  motions  by  first  find- 
ing the  resultant  of  two  of  the  motions,  then  compounding 
this  resultant  i^ith  the  third  motion,  then  this  second  result- 
ant with  the  fourth  motion,  and  so  on  until  all  are  considered. 


84.  Komentc — If  a  pnll  or  a  pnsh  be  exerted  upun  a 
body  in  a  direction  passing  through  the  center  of  the  bodj 
— that  is,  center  of  maee  or  center  of  gravity — the  body  if 
free  will  move  along  in  the  direction  of  the  impulse.  But 
suppoae,  now,  that  the  direction  of  the  pull  or  push  does 
not  pass  through  the  center  of  the  body  or  that  one  point 
in  the  body  is  fixed,  what  will  happen? 

In  the  first  case  the  body  will  evidently  turn  until  the 
direction  of  motion  does  pass  through  the  center  of  gravity, 
and  the  body  will  then  move  in  the  given  direction. 

In  the  second  case  the  body  will  turn  about  the  Qxed 
point  as  a  center,  and  will  only  come  to  rest  when  the  di- 
rection of  motion,  the  center  of  gravity,  and  the  fixed  point 
are  all  in  the  same  straight  line. 

This  tendency  to  turn  about  a  point  has  frequently  to  be 
considered  in  mechanics,  and  is  measured  in  a  special  way 
by  means  of  the  inechanical  moment.  One  can  not  speak  of 
the  moment  of  a  motion,  velocity,  or  force  in  the  abstract, 
but  must  always  speak  of  the  moment  with  respect  to  some 
particular  point.  The  moment  is  equal  to  the  magnitude 
of  the  motion,  velocity,  or  force  multiplied  by  the  perpen- 
dicular distance  from  the  point  to  the  line  of  motion,  veloci- 
ty, or  force.     TiCs  is  illustrated  in  the  following  diagram : 


In  the  first  case  an  irregular  etone,  whose  center  of 
gravity  ia  at  c,  rests  upon  the  point  a.  The  moment  of  the 
force  of  gravity  upon  it  while  in  this  position  is  wXab- 
In  the  second  case  a  crank  handle  is  fixed  at  c,  and  a 
weight,  w,  is  hung  from  d.    The  moment  of  w  with  respect 
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to  ciitoXed.    This  perpendicular  distance  a  b  or  c  d  is 
known  as  the  arm  of  the  motion,  velocity,  or  f  orfce. 

The  device  of  arms  and  momenta,  or,  as  we  say  of  auch 
formal  agreemeotB,  the  convention,  is  of  great  uae  in  the 
analysiB  of  machinea. 

85.  FarsUAlMotioiu. 
— When  two  motiona, 
not  having  the  same 
point  of  application, 
are  parallel  in  direc- 
tion, they  will  fall  into 
one  of  the  three  follow- 
ing claseea : 

1.  Tke  motions  are 
in  the  tame  direction, 
equal  or  unequal. 

The  reenltaiit  ia  their  sum,  and  the  only  question  ia  ae  to 
ita  point  of  application.   Let  A  and  B  be  the  two  parallel  mo- 
tions. ThereBUltantfii8evidentlyequalto.^-|-fi.  Thepoint 
of  application  of  R  must  be  nearer  to  the  larger  motion  B, 
and  just  in  proportion  to  the  relative  magnitudea  of  A  and  B : 
bc:ac=:  A:  B, 
or,  A  Xac=  Bx  be. 
The  moments  of  A  and  B  with  respect  to  c  are  equal 
and  oppoaite,  and  hence  both  motions  are  duly  represented 
in  R.    Had  A  and  B  been 
A  equal,  a  c  and  c  b  would  have 

I  been  equal  also. 

2.  The  motions  are  oppo- 
site in  direction  anil  unequal. 
The  resultant  is  their  dif- 
ference, and  its  point  of  ap- 
plication must  be  such  that 
the  motions  A.  and  B  have 
equal  and  oppoaite  momenta 
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with  respect  to  the  point;  consequently  it  must  be  some 
point  c  in  ab  produced,  and  suoh  that 


0T,Axac=  B  X  he. 

It  will  seem  at  first  sight  aa  if  c  should  be  between  a  and 

b,  but  that  is  impoaaible,  for  then  the  moments  of  A  and 
_,    B  would  re-enforce  each  other,  in- 
stead of  neutralizing  each  other. 

3.  The  motions  are  opposite  and 
equal. 

This  gives  rise  to  a  curious  sys- 
tem in  mechanics,  known  as  a 
covple.  In  this  case  A  and  B,  by 
statement,  are  equal,  and  if  they 
had  the  same  point  of  application 
tt^ir  resultant  would  be  zero.    But 

Pio.  27.-MrehBiiicai  coopio.   separated  as  they  are  by  the  dis- 
tance ab,  their  effect  will  be   to 

turn  a  b  around  until  it,  too,  comes  into  the  vertical  and  A 

and  B  are  in  the  same  straight  line.    Hence  a  couple  has  no 

resultant.     Nor  can  this  rotatory  motion  be  neutralized  by 

any  single  third  motion. 

The    body  can    only  be 

kept  at  rest  by  opposing 

to  A  B  an  equal  and  op-0^ 

posite  couple,  A'  B'. 

8G.  EtewlutioD  of  Mo- 
tions.— In  the  composition 

of  motions  we  substitute 

one  motion  for  two.     In 

the  resohitioH  of  motion 

we   do  the   reverse  —  we 

substitute    two    motions 

for  one.     Both   processes  are  of  immense  importance  in 

physics,  and  of  frequent  application.     Any  motion  Jl  may 
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be  regarded  ae  the  diagonal  of  a  parallelogram  0  A  C  B, 
OA'  C  B',  etc.,  and  may  thus  be  resolved  into  two  motions, 
A  and  B,  A'  and  B',  or  into  any  other  pair  whatever, 
which  may  be  represented  as  the  adjacent  sides  of  a  par- 
allelogram of  which  R  is  the  diagonal. 

This  may  seem  like  a  very  indefinite  process,  since  the 
magnitadee  and  direotions  of  the  components  may  be 
almost  anything  we  like.  But  in  practice  the  direction 
of  one  or  both  components  is  generally  given,  and  the  re»- 
olatiou  of  R  takes  a  more  determinate  form.  We  have 
examples  of  this  in  the  pendnlnm,  the  inclined  plane,  and 
in  many  other  machines  and  processes. 

In  the  same  way  we  may  Tiarry  out  the  resolution  of  ve- 
locities and  forces.  g^ 

Pbobi.eks.~1.  Three  equal  motioos  imparted  to  a  bod;  leave  it 
ml  rest.    What  angles  do  the  motioiiB  make  with  one  another  t 

3.  Fonr'  motions  are  given  to  a  ^i^cle :  E  24  centimetres,  8  8S 
centimetres,  W  1^  centimetres,  and  ll"'eO  centimetres.  Find  the 
magnitude  and  di^ction  of  the  resultant. 

Rbfebemcb. 
Elements  of  Uechanica  :  Oliver  J.  Lodge. 
Hatter  and  Hotioa  :  J.  Clerk  MuwelL 
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CHAPTER   XII 

WOBX,  FOWXS,  AND  SNXRaT 

87.  Work  is  the  overcomiag  ot  reeietance  through  space. 
Both  elemente  are  neceBBarj  to  our  conception  of  work. 
Motion  through  space  against  no  resistance,  or  a  force  act- 

.  ing  agaiaet  a  resistance  but  producing  no  motion,  is  doing 
I  no  worWj    11  we  represent  work  by  H',  force  by  F,  and  space 
by  9,  our  fundamental  formula  for  work  will  be 
W=  Fs. 

88.  Meaiiire  of  Wwk.— In  the  G.-0.-S.  system  the  unit 
of  work  will  be  a  unit  of  force  acting  through  a  unit  of 
space — that  is,  one  dyne  (67)  acting  through  one  centimetre. 
Such  a  unit  is  called  the  erg.  It  is  inconveniently  small, 
however,  and  in  practice  we;  commonly  use  a  multiple  of 
this  unit.  The  joule  is  10,000,000  ergs — 10'  ergs— and  for 
moat  purposes  is  a  more  convenient  unit.  Work  ib  inde- 
pendent of  time.  An  erg  or  a  joule  means  a  definite 
amount  of  resistance  overcome  through  a  definite  space, 
but  implies  nothing  with  respect  to  the  rate  at  which  the 
work  is  done. 

89.  Power. — It  is  often  important  to  express  not  only 
the  amount  of  work  done,  but  also  the  rate  at  which  it  is 
done.  This  is  what  we  mean  hy  poiper.  It  is  the  rate  of 
doing  work.  The  unit  of  power  is  unit  work  done  in  unit 
time — that  is,  one  erg  in  one  second.  It  is  called  the  erg- 
second.     This,  like  the  erg,  is  inconveniently  small,  and  is 

■  also  commonly  multiplied  by  10'.    The  unit  so  obtained  is 
a  joule-second,  and  is  called  a  watt. 
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The  Horse  Power. — The  asnal  units  of  work  and  power 
in  the  iodnstrial  world  are  the  fool  pound  and  the  horge 
power.  The  footpound  is  the  orercoming  of  one  pound  re- 
BiBtance  through  one  foot.  As  James  Watt  supposed  that 
an  average  horse  could  lift  33,000  pounds  through  one  foot 
every  mioiite,  he  introduced  the  unit  of  power  known  aa 
the  horse  power,  H.  P.  It  is  33,000  foot  pounds  per  min- 
ate  or  550  foot  pounds  per  second.  It  is  equivalent  to  746 
watts. 

90.  Enei^. — It  seems,  then,  that  the  work  of  the 
world  is  done  by  bodies  in  motion.  Every  moving  body 
has  in  it  the  power  of  doing  work,  because  by  virtue  of  its 
own  motion  it  can  set  other  matter  into  motion.  This 
power  of  doing  work  we  call  Energy.  The  whole  drama  of 
the  world,  physicaU;  speaking,  consists  in  the  transfer  and 
transformation  of  energy.  Bemembering  that  energy  is  rep- 
resented by  matter  in  motion  or  matter  capable  of  motion, 
we  may  say  that  the  study  of  energy  is  the  study  of  the 
universe.  It  is  for  this  reason  that  we  have  put  on  the 
first  page  of  this  book, — Physics,  the  Science  of  Energy. 
Energy,  like  work,  is  measured  in  ergs  and  joules. 

91.  Forma  of  Energy. — The  ability  to  do  work  and  thei 
effects  produced  in  matter  when  work  is  done  upon  it  show 
themselves  In  various  ways  and  give  rise  to  what  are  known 
as  the  forma  of  energy.  These  are  all  intimately  related, 
and  while  it  may  be  convenient  at  times  to  study  the  differ- 
ent forms  under  such  separate  headings  as  mechanical  mo- 
tion, soand,  heat,  light,  magnetism,  electric  current,  chemical 
affinity,  and  the  like,  we  miss  the  main  thought  of  modem 
physics  as  we  do  of  modem  philosophy  if  we  allow  these 
energy  forms  to  take  separate  shape  in  our  minds  and  get 
at  all  far  apart.  They  are  but  qualities  of  the  one  essence; 
— energy.  We  seldom  have  one  of  these  qualities  mani- 
fested alone.  Any  change  in  one  quality,  either  in  its  in- 
tensity or  in  it«  continuance,  involves  similar  and  compen- 
sating changes  in  the  other  qualities.     This  is  the  deep 
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troth  underlying  the  doctrine  of  the  conaerration  of  energy. 
Yoa  can  not  create  energy  or  destroy  it.  Mechanical  mo- 
tion may  stop,  sound  may  cease,  heat  may  disappear,  light 
may  be  extingaished,  magnetism  may  vanish,  electric  im- 
pulse may  be  lost,  chemism  may  spend  itself,  but  energy — 
the  one  eternal  energy,  of  which  these  are  the  qualities  or 
forms — energy  goes  on  f oreTOT^l 

92.  Trantfbr  and  Trauformation  of  'Saetfj. — We  detect 
on  all  sides  a  tendency  in  energy  to  react  with  energy  that 
is  in  a  different  state  of  excitement,  and  to  stop  reacting 
only  when  the  two  states  are  quite  alike.  This  anms  up 
the  possibilities  in  the  physical  world.  Bodies  representing 
different  degrees  ol  energy  meet  and  react.  It  ia  incorrect 
to  say  that  one  body  acts  on  another,  and  to  stop  there. 
The  truth  is  that  both  bodies  are  affected,  one  as  much  a« 
the  other.  The  reaction  only  ceases  when  the  bodies  possess 
the  same  degree  of  energy ;  bat  when  this  does  occur  they 
are  quite  indifferent  to  each  other.  Were  all  energy  of  the 
same  intensity  there  would  be  perfect  equilibrium. 
-  93.  Hewton'i  Lam.— When  the  world  of  science  was 
still  Tery  young — that  is  to  say,  about  two  eentnries  ago — 
Newton,  with  an  insight  that  must  always  appear  marvel- 
ons,  expressed  the  main  facts  about  motion  and  energy  in 
three  laws  as  following ; 

First  Law :  "  Every  body  perseveres  in  its  state  of  rest  or 
of  moving  uniformly  in  a  straight  line  except  in  so  far  as  it 
is  made  to  change  that  state  by  external  forces  "  (Gaose  and 
Effect). 

Second  Law :  "  Change  of  motion  ie  proportional  to  im- 
pressed force,  and  takes  place  in  the  direction  in  which  the 
force  acta." 

Third  Law :  '*  Reaction  is  always  equal  and  opposite  to 
action — that  is  to  say,  the  actions  of  two  bodies  upon  each  ■ 
other  are  always  equal  and  in  opposite  directions." 

94.  Energy — Kinetio  and  PotantiaL— Energy  is  not  only 
represented  by  matter  in  actual  motion  arid  ready  to  do 
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work  on  the  instant,  as  a  hammer  descending,  but  it  is  also 
represented  by  matter  in  ancb  a  position  that  it  is  capable 
of  motion  and  ready  to  do  work  when  the  time  comes,  as  a 
hammer  poised.  The  energy  represented  by  matter  in 
actoal  motion  is  called  kinetic ;  the  energy  represented  by 
matter  capable  of  motion  is  called  potential. 

Reciprocity. — When  a  moving  body  does  work  by  giving 
np  a  part  of  its  motion,  it  may  be  said  to  have  negative  work 
done  on  it.  The  body  acted  apon  gains  the  motion  lost  by 
the  body  acting,  and  has  positive  work  done  on  it.  The 
algebraic  stun  of  this  negative  and  positive  work  is  zero. 
In  one  sense,  therefore,  no  work  is  ever  done  in  the  world. 
Energy  is  simply  transferred. 
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I  96.  A  Buwhine  is  a  device  for  doing  asefnl  work.  To 
do  work  is  to  overcome  some  sort  of  resistance  tfaroagh 
space.  It  is  very  obvious  that  a  machine  can  not  do  this 
work  of  itself,  but  must  be  energized  from  without.  The 
ability  to  do  work  depends  upon  the  motion  of  the  machine, 
and  since  this  motion  is  so  constantly  spent  in  doing  useful 
work,  the  supply  must  be  constantly  kept  up.  Tbe  motion 
is  supplied  by  the  expenditure  of  force— chemical,  mechan- 
ical, or  electrical ;  and  since  the  rate  of  work  is  also  impor- 
tant in  all  practical  operations,  the  element  of  time  comes 
in,  and  our  force  must  be  expressed  in  terms  ol  power. 

Hence  we  may  say  that  a  machine  is  a  device  for  trans- 
forming power  into  useful  work. 

^  In  our  analysis  of  machines  we  shall  speak  of  the  work 
put  into  them  as  Power,  p,  and  the  usefnl  work  got  out  of 
them  simply  as  Work,  w.  In  this  comparison  do  element 
of  time  comes  in  since  they  proceed  simultaneously.  If  the 
machines  were  perfect  and  frictionless,  the  power  pnt  in 
and  the  work  got  out  would  be  just  equal  in  amount.  Bat 
some  of  the  power  is  always  lost  in  doing  internal  work  in 
the  machine  itself — that  is,  in  overcoming  the  resistance  or 
friction  of  the  several  parts.  It  is  not  lost  in  a  mechanical 
sense ;  it  reappears  aa  heat  and  electricity,  or  is  spent  in 
wearing  down  the  bearings.  It  is  only  lost  in  a  utilitarian 
sense.  The  transformation  of  power  into  work  is  always 
effected,  therefore,  at  the  cost  of  some  loss  of  power,  and  the 
74 
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best  we  c&D  do  is  to  reduce  the  loss  to  the  smalleBt  posaihle 
amonnt. 

The  efficiency  of  a  machine  is  the  ratio  of  work  to  power 

— that  is, and  expresseB  the  dxact  percentage  of  power 

utilized  ae  work.  -  \ 

96.  Axiom. —  You  can  not  get  more  work  out  of  a  ma- 
chine than  you  put  into  it. 

Indeed,  as  we  have  jnst  seen,  you  can  not  get  as  much, 
bnt  the  axiom  is  worth  stating  in  this  emphatic  way,  for 
it  discredits  at  once  all  schemes  for  perpetual-motion  ma- 
chines. Perpetual  motion  itself  is  not  only  possible,  but 
onavoidable,  since  motion  can  never  be  destroyed.  But  a 
"  perpetual-motion  machine  "  is  a  contradiction,  for  it  im- 
plies the  creation  of  energy  on  the  part  of  a  mechanism. 

97.  The  Frinoiple  of  Virtual  Veloeitiei. — But  machines, 
though  th^  create  no  energy,  do  possess  advantages  beyond 
their  mere  ability  to  transform  power  into  work.  While 
the  amount  of  useful  work  is  always  less  than  the  amount 
of  power  consumed,  we  can  accomplish  tasks  greater  in 
magnitude  by  the  nse  of  machines  than  we  could  possibly 
accomplish  without  them.  If  we  are  willing  to  spend  power 
over  a  long  period  of  time  and  accomplish  work  at  a  very 
slow  rate,  we  can  move  mountains,  and  justify  the  boast  of 
the  old  philosopher  who  said  that  he  could  move  the  world 
»/you  would  only  give  him  a  place  to  stand  on.  Let  us  see 
how  this  is. 

Work  =  Force  X  Space,  or  W=  Fs. 

Since  work  is  made  up  of  two  factors,  force  and  space, 
we  may  vary  these  to  suit  ourselves,  making  either  one  large 
and  the  other  one  correspondingly  small.  Thns,  if  we  make 
a  large,  F  will  be  small,  and  our  machine  will  overcome 
only  a  small  resistance,  but  will  do  it  through  a  large 
space.  On  the  other  hand,  if  we  make  s  small,  F  may  be 
very  large,  and  our  machine  will  be  a  veritable  Hercules, 
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overcoming  tremendous  resistance,  bat  doing  it  throngh  a 
very  small  space — that  is,  very  slowly. 

Meanwhile  the  power  put  into  the  machine  has  been  a 
constant  quantity.  This  is  also  represented  by  force  acting 
through  space.  Machines  are  said  to  have  a  mechanical 
advantage  when  the  foro&element  in  the  work  is  greater* 
than  the  force-element  in  the  power.  The  difference  in  the 
spaces  passed  over  preservea  the  equality  between  the  two 
amounts  of  energy.  We  sum  this  all  up  in  the  principle  of 
virtual  velocities  : 

"  The  force  put  into  a  machine,  multiplied  by  the  space 
through  which  it  acts,  is  always  equal  to  the  force  got  out 
of  a  machine  multiplied  by  the  space  through  which  it  acts." 
r'  98.  Simple  Haohinei. — The  five  simple  machines,  known 
as  the  lever,  the  wheel  and  axle,  the  inclined  plane,  the 
pulley,  and  the  screw,  occur  in  all  sorts  of  mechanigms,  and 
have  many  important  applications  in  daily  life.  They  may 
be  analyzed  by  means  of  the  principle  of  virtual  velocities, 
or  by  applying  the  principle  of  moments.  We  shall  nae 
either  method  and  sometimes  both.  We  shall  always  rep- 
resent the  force  put  into  the  machine  by^,  and  the  space 
through  which  it  acts  by  d,  and  its  arm  by  a.  In  the  same 
way  we  shall  represent  the  force  got  out  by  w,  the  space 
passed  over  by  s,  and  the  arm  by  b.     (See  Fig.  32.) 

The  process  of  mechanical  analysis  is  very  simple.  It 
consists  in  finding  the  relation  between  j9  and  w,  and  pro- 
ceeds by  applying  one  or  both  of  the  fundamental  formnlte 
of  machines : 

1.  (Virtual  Velocities),  jjd  =  M;«, 

2.  (Moments),  pa  =  wb. 

99.  The  Lerer  consists  of  a  rigid  bar  supported  at  one 
point,  called  the  fulcrum,/,  and  capable  of  turning  freely 
about  this  point.  There  are  three  possible  arrangements  in 
the  disposition  of  fulcrum,  pressure,  and  weight,  and  this 
gives  rise  to  the  three  classes  of  levers : 
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1.  The  leifir  of  the  jirst  class  has/  in  the  midway,  and 
consequently  p  and  w  at  the  ends. 

%.  The  lever  of  the  second  class  has  v>  in  the  midway,  and 
consequently/  and  p  at  the  ends. 

3.  The  lever  of  the  third  class  has  p  in  the  midway,  and 
consequently  /  and  w 


^\ 


Fco.  29.— Lever  of  the  flnt  clasi. 


r^^ 


at  the  ends. 

Analyzing  1  by 
virtual  TelocitioB,  we 
bare  (Figs.  29,  32) : 

J  "^ 

ws  =  pa,  or  (0  =  -p. 

If  cf  is  greater  than 
s,  there  is  mechanical 
advantage ;  if  less  than 
s,  mechanical  disad- 
Tantage.  In  the  first 
case  the  fnlcmm  will 
be  nearer  tp;  in  the 
last  case,  nearer  p.  In 
the  figure,  d  is  two 
thirds  of  s,  since  a  is 
two  thirds  of  J;  hence 

—  =  ^,  and  there  is  me- 
chanical disadvantage. 
Analyzing  3  by  mo- 
ments, we  have  (Figs,   ti 
30,  33) : 
wJ  =pa,  or  tc  =  r  />• 

The  arm  a  is  the  dis- 
tance of  p  from  the  f nlcrum,  and  the  arm  b  is  the  distance  of 
«r  from  the  fnlcmm.  It  is  evident  that  the  moments  must  be 
taken  with  respect  to  /,  since  that  is  the  only  fixed  point, 
and  comequently  any  motion  must  be  about /as  a  center. 


Fia.  30.— Lever  of  the  aecond  claM. 


4 


Fro.  81.— Lever  of  the  third  cUn. 


I.  Otitic 
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In  levers  of  the  second  class  it  Is  erident  that  there 
mnst  always  be  mechanical  advantage,  since  «f,  having  the 
shorter  arm,  mast  alvays  be  greater  than  ;>. 

^^  Analyzing  3  by  both 

j/  ^-^^^  virtual   velocities  and 

moments,     we     have 
(Figs.  31,34): 


T- 


Fra.  3S.— Anal; 


^ 


of  the  lever  at  the 


^^'^^ 


.P^ 


>P-      (^) 


or         10  =  J  p.    (2) 

In  levers  of  the 
third  class  there  can 
never  be  mechanical 
advantage,  since  p  is 
always  nearer  to  /, 
and  must  therefore  be 
greater  than  to.  The 
arms  a  and  h  are  the  ra- 
dii of  the  circles  over 
which  p  and  w  move 
when  displaced,  and  of 
which  d  and  s  are  the 
actual  arcs  passed  over. 
Since  circamferencea 
of  circles  are  to  each 
other  as  their  radii  {e 
=  2  irr,  and  c'  =  2  tjt'), 
the  corresponding  arcs 
d  and  8  must  be  ae  the 
radii  of  their  reBi)ec- 
tive    circles — ^that    is, 

—  =  Tiarelation  which 
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Tonld  haye  to  be  true  if  1  and  2  are  both  trne.  The  prin- 
ciple of  moments  is  indeed  but  a  special  statement  of  the 
principle  of  Tiri:aal  velocitiea. 

Applications. — These  are  almost  too  nnmerooa  to  men- 
tion. 

First  class:  Crowbar,  balances,  walking  beam,  steel- 
yard,  seesaw,  scissors  (doable). 

Second  class :  Crowbar  (when  resting  against  the  groand), 
nnt  crackers  (donble),  wheelbarrow,  oars,  canoe  paddle, 
bicycle  pedal. 

Third  class :  Spring  shears,  pincers,  fire  tongs,  foot 
treadle. 

NoU. — The  analjBis  of  the  lever  la,  after  &1I,  but  a  special  applica- 
tion of  the  AvAj  of  parallel  forcea  Should  the  forces  of  either  pres- 
sure or  weight  be  applied  obliquely,  it  would  be  necessary  to  resolve 
them  into  two  components,  one  at  right  angles  to  the  lever  and  the 
other  in  the  direction  of  the  lever.  We  should  only  consider  the  com- 
ponent at  right  angles  to  the  lever,  since  this  would  be  the  only  one 
capable  of  producing  motion  about 
the  fulcrum.  It  should  also  be  added 
that  we  have  throughout  neglected 
the  weight  of  the  lever  Itself.  In  prac- 
tice this  most  be  taken  into  consid- 
eration, but  the  correction  may  easily 


100.  Tlia  Wheel  and  Axle. 
— This  is  practically  an  appli- 
cation of  the  lever,  the  tulcmm 
being  the  common  axis  of  the 
wheel  and  the  axle.  Onr  analy- 
sis can  best  be  made  by  help 
of  moments.  The  arm  of  the 
weight  is  the  radius  of  the 
axle,  h;  the  arm  of  the  pressnre  is  the  radina  of  the 
wheel,  a.    As  before. 


Fio.  39.— Wheel  and  axle. 


=  pa,  0T1l}  =  j~ 
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The  wheel  and  axle,  arranged  aa  shown,  will  always  pve 
a  mechanical  advantage  expressed  by  7- 

The  wheel  and  aile  find  application  in  Bach  special  ma- 
chines aa  the  windlass  and  in  many  complex  mechaniamfi. 

101.  The  Pulley. — In  its  simplest  fonn  the  pnlley  is  a 
fixed  wheel,  which  serves  to  change  the  direction  ol  motion, 
bat  offers  no  mechanical  advantage.    As  P  and  W  (Fig.  36) 
move  throngh  the  same  distance,  they  most  be  equal. 
W=  P. 

In  this  form  it  is  simply  a  lever  of  the  first  class  (Fig. 
32),  in  which  a  and  b  are  equal. 

Where  the  pulley  is  movable  (Fig.  37),  and  one  end  ol 
the  rope  is  fixed  at  C,  the  force  P  moves  through  twice  the 
distance  that  the  weight,  W,  is  raised,  and  consequently 
W=i%P. 


In  this  form  it  is  simply  a  lever  of  the  second  class 
(Fig.  33),  in  which  a  =  2  S. 

By  arranging  a  suitable  system  of  movable  pulleys, 
almost  any  mechanical  advantage  can  be  secured.     It  is, 
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of  coarse,  at  the  expense  of  apeed.   JEach  movable  pulley 
diminigbea  the  speed  one  half,  and  increases  the  weight  that 
any  given  force  can  raise  twofold.    Such  an  arrangement 
is  shown  in  Fig.  38.     In  this  case  we 
have  the  force  P  multiplied  by  two  for 
every  movable  pulley  employed.    Hence 
if  A  be  the  number  of  movable  pulleys 
employed,  we  shall  have 
W  =  2'P. 
In  the  figure  «  =  3,  and  so  W—^P 
=  8P. 

It  is  more  convenient  in  practice  to 
arrange  one  fixed  block  containing  sev- 
eral pulleys  on  the  same  axle,  and  one 
movable  block  also  containing  several 
pulleys  on  a  common  axle.  This  is 
shown  in  Fig.  39.  Here  there  is  only 
one  rope,  whose  fixed  end  is  attached  to 
the  fixed  block.  The  rope  then  passes 
alternately  over  the  pnllevs  of  the  two     „ 

,,     ,  J    c      II  i_  ..^         Pio.  39.-Comp(«iid 

blocks,  and  finally  emerges  from  the  block  pull^. 

upper  block,  passing  downward  for  the 

application  of  the  force  P.    In  this  case  the  fixed  pulleys 

in  the  upper  block  contribute  nothing  to  the  mechanical 

advantage.    The  pulleys  in  the  movable  block  add  each 

a  twofold  advantage ;  hence,  If  »  be  the  number  of  pul< 

leys,  the  relation  will  be 

W=i  n.P. 

103.  The  Inclined  Plane  in  its  simplest  form  is  a  device 

for  lifting  weights  which  would  otherwise  be  inconveniently 

or  impossibly  great.     It    may  be  analyzed  in   two  ways, 

either  by  virtual  velocities  or  by  resolving  the  weight  into 

two  components,  one  acting  along  the  inclined  plane  and 

one  at  right  angles  to  it.    In  Fig.  40  w  is  to  be  lifted 

throngh  the  height  s,  but  p  may  move  through  d.    Hence 


the  advantage  is  greater  the  longer  d  ia,  with  respect  to  s — 
that  is,  the  Binaller  the  angle  of  the  plane  —  a. 

ws  =  pa,  OT  w  =  —  jr. 

As  a  iQcreases  from  0°  to  90°,  we  can  easily  see  that  the 
preaanre,  p,  must  be  increased,  as  the  plane  gets  steeper. 


Fio.  40, — Inclined  plane. 

and  will  finally  eqnal  the  weight,  w,  when  the  plane  is  ver- 
tical.    Then  w  =  p. 

In  Fig.  41  the  weight  is  represented  by  a  straight  line, 
c  g  {which,  as  we  have  seen,  mnst  always  be  vertical  and 
must  start  from  the  center  of  gravity,  c).    This  is  the  only 


Fia.  41. — AnalyBiB  of  inclined  plane. 

force  acting  on  the  body.  But  the  body  can  not  move  in 
the  direction  of  c  g.  It  can  only  move  down  the  inclined 
plane,  and  this  it  will  soon  proceed  to  do  unless  we  stop  it. 


Hence  the  weight  c  g  must  be  reBolved  into  a  component,  c  I, 
parallel  to  the  plane,  and  a  component,  I  g,  nt  right  angles  to 
the  plane.  This  last  component  shows  itself  as  presBure 
against  the  plane  and  does  not  concern  ua  here.  The  com- 
ponent, c  I,  represents  the  motion  down  the  plane,  and  must 
be  met  by  a  force,  /  c,  equal  and  opposite  to  c  i,  if  the  body  is 
to  be  supported  on  the  plane.  /  c  represents  the  pressure, 
or  p.    Hence, 

w  -.p-.-.cg  -.Ic 
wXlo=pX  eg 

Whichever  method  of  analysis  we  use,  we  get  the  same 
resnlt. 

The  Wedge  is  simply  a  double  inclined  plane,  in  which 
the  pressure  is  exerted  at  right  angles  to  the  common  back 
— that  is,  in  the  line  of  the  common  base.  It  has  applica- 
tion in  all  our  cutting  tools,  snch  as  the  knife,  chisel,  and 
axe.  It  has  also  direct  nse  in  splitting  timber  and  in  sepa- 
rating layers  of  rock. 

103.  The  Screw. — The  usual  form  of  the  screw,  such  as 
is  seen  in  a  copying  press,  may  be  regarded  as  a  combina-  . 
tion  of  an  inclined  plane  and  the  wheel  and  aiJeJ    The 
screw  thread  is  simply  an  inclined  plane  wrapped  aroimd  a 
cylindrical  support.    The  pitch  of  the  screw — that  is,  the  ver- 
tical  distance  be- 
tween two  neigh- 
boring threads — is 
the  height  of  the 
plane.   The  thread 
corresponding    to 
one  complete  turn 
is  the  slant  length 

of  the  plane,  and  y,^  M.-Sorew. 

the  circumference 

of  the  screw  corresponds  to  the  base  of  the  plane.  The 
force  is  generally  applied  to  the  circumference  of  a  wheel 
mounted  on  one  end  of  the  screw.    We  can  best  analyze  the 


screw  by  means  of  the  principle  of  yirtnal  velocities.    Thus 
the  force,  p,  movea  through  the  circumference  of  &  circle, 
whose  mdins,  r,  is  the  radiae  of  the  wheel,  while  the  weight, 
w,  advanceB  a  distance  equal  to  the  pitch  of  the  screw. 
ws  =pd. 
w  X  pitch  =  ;»  X  2  «■. 

«'  =  pitS--P- 
By  making  the  wheel  large  and  the  pitch  small,  we  can 
get  a  tremendous  mechanical  advantage.  The  screw  has ' 
many  applications  besides  the  copying  press.  By  means  of 
powerful  jack  screws,  a  whole  building  can  be  lifted  from 
its  foandationa.  The  screw  is  used  in  the  lathe  and  other 
mechanisms,  and  in  many  physical  inetrnments,  ae  the  mi- 
crometer screw,  to  say  nothing  of  its  manifold  use  as  clamp, 
fastener,  and  leveler. 

ExpERUSNTe. — 1.  Take  a  straight  bar  of  strong,  sound  wood, 
about  1  metro  long  and  2.G  ceDtimetrea  square,  and  find  its  weight 
b;  weighing  a  simple  bar,  0  to  10  centimetres  long,  and  of  the 
same  cross-section.  Bj  this  method  one  can  get  an  accurate  result, 
and  use  a  delicate  balance.     Let  this  weight  be  z. 

2.  Balance  the  lever  thus  obtained  on  the  sharp  edge  of  a  trian- 
gular piece  of  wood,  used  as  a  fulcrum,  mark  the  fulcrum/,  and  ee« 
if  it  is  in  the  center  of  the  lever. 

8.  Put  unequal  weights  on  the  ends  of  the  lever  ;  balance  it 
afresh  ;  measure  the  two  anna,  and  calculate  the  moments  of  the 
two  weights.  Allowing  for  the  unequal  weights  of  the  two  arms, 
arc  the  moments  equal  ? 

4.  To  weigh  the  lever  bj  moments.  Take  the  same  lever,  add  a 
suitable  weight,  to,  to  one  extreme  end,  and  balance,  marking  this 
fulcrum/'.  Designate  the  distance  from  w  to/'  as  the  arm  h.  The 
moment  is  then  leh.  The  force  on  the  other  side  of  f  is  the  weight 
of  the  lever,  p,  and  its  arm,  a,  is  the  distance  .^/,  since  the  weight 
of  the  lever  will  act  as  if  concentrat«d  at  its  center  of  gravity  /. 

The  moment  b  pa.    wb  =pa,  orp  =  —  ,  w.     Is  this  equal  to  x  as 
obtained  in  Ex.  J  ? 
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S.  Hark  one  end  of  the  lever  «,  and  the  other  end  d.  Support  d 
on  the  triangular  fulcmm,  and  c  by  means  of  a  spring  balance.  Take 
the  reading  r.  Add  a  known  weight,  y,  to  any  point  of  the  lever,  f, 
and  take  a  second  reading,  K 

Does  (r'  —  »-)XBd  =  yx^? 

«.  Repeat  the  eiperiment,  placing  the  spring  balance  at  g  and 
the  weight  y  at  e.     What  now  is  the  result  ? 

7.  In  the  same  way,  take  two  boards  of  equal  length,  I,  and  sup- 
port as  above,  with  a  narrow  crack  between.  Support  w  by  a  strong, 
light  thread,  passed  through  the  crack,  snd  fastened  to  the  spring 
balance.  Keeping  balance  and  thread  horizontal,  determine  the  re- 
lation between  te  and  p. 

Problem. — 1.  Can  the  wheel  and  axle  be  so  arranged  that  it 
will  give  a  mechanical  disadvantage  !    If  not,  or  if  so,  explain  tbe 

3.  Determine  tbe  mechanical  advantage  in  the  case  of  the  in- 
clined plane,  when  tbe  force  p  la  applied  parallel  to  the  base,  giving 
your  result  in  terms  of  the  base  and  height  of  tbe  plane. 
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BENJAMIN  FRANKLIN  {1706-1790) 

Fbanelin  was  born  in  Boston,  January  17, 1706.  At 
seventeen  years  ot  age  he  hired  out  ae  a  printer  in  Phila- 
delphia. He  became  the  leading  journalist  of  America. 
For  twenty-five  years  he  published  Poor  Kicbard's  Aluumac, 
which  attained  a  marvelous  poptilarity. 

He  acquired  familiarity  with  French,  Spanish,  Italian, 
and  Latin.  He  became  America's  leading  diplomatist  and 
statesman.  He  was  one  of  the  committee  of  five  which 
wrote  the  Declaration  ot  Independence ;  a  member  of  the 
commission  appointed  to  negotiate  peace  with  England  at 
the  close  of  the  Revolutionary  War ;  a  leading  member  of 
the  first  National  Convention  elected  to  frame  the  Con- 
stitution ;  and  American  minister  to  France  for  nine  years. 

His  principal  scientific  researches  were  upon  balloons 
and  atmospheric  electricity.  He  was  a  member  and  one  of 
the  managers  ot  the  Royal  Society,  London,  and  a  mem- 
ber of  the  Royal  Academy  of  Sciences,  Paris.  Together 
with  a  committee  of  the  French  Academy,  he  investigated 
mesmerism  at  the  request  of  the  King  of  France,  which  re- 
sulted in  the  disgrace  and  flight  of  Mesmer. 

McMaster,  in  the  History  of  the  People  of  the  United 
States,  vol.  i,  pp.  233  and  423,  says :  "  He  was  renowned 
throughout  Europe  as  a  philosopher ;  nor  has  his  just 
fame  been  cast  in  the  shade  by  any  investigator  onr  coun- 
try has  since  produced."  "Franklin  was  in  truth  the 
greatest  American  then  living ;  nor  would  it  be  sate  to  say 
that  our  country  has  since  his  day  seen  his  like." 
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PItXSSaia!   nt  LIQUIDS 


104.  General  Definition  of  Flnidi. — We  designate  both 
liqnids  and  gaseB  as  fiuids\  because  both  are  characterized 
bythe'great  mobility  of  their  moleculea.  But  there  is  a 
great  difference  between  the  two  in  the  matter  of  com- 
preaaibility.  Liquids  are  so  little  compressible  that  we  are 
almost  justified  in  speaking  of  them  as  Incompressible 
Fluids.  Qases,  on  the  other  hand,  re- 
spond so  perfectly  to  every  change  of 
pressure  that  we  may  properly  speak  of 
them  as  Compressible  Fluids.  This  dis- 
tinction will  need  to  be  kept  in  mind  in 
our  study  of  pressure  in  liquids  and  in 
gases. 

105.  The  Kenmry  Pretmre  Oange.— 
A  Tery  convenient  instrument  for  the 
study  of  pressure  in  fiuids  is  the  mer- 
cury pressure  gauge  shown  in  Figs.  43 
and  44.  In  Fig.  43  a  cohunn  of  water, 
ab,  is  represented  as  being  balanced  by 
a  colomn  of  alcohol,  be,  both  columns 
resting  upon  mercury  in  the  part  of  the 
tnbe  below  b.  In  Fig.  44  the  column  of  p,,, 
water,  «S,  is  balanced  by  a  column  of 
mercnry,  b  c.  In  both  cases  it  is  obvious  that  the  mercuiy 
acts  as  a  sort  of  scales  for  weighing.  In  Fig.  44  the  col- 
nnm  of  water,  a  h,  has  forced  the  mercury  down  to  &  in  the 
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left  arm  of  the  presBure  gauge  and  up  in  the  right  arm 
uatil  it  Bupporte  a  column  of  mercury,  b  c,  equal  in  veight 
to  itself.  In  Fig.  43  the  column  of  water  a  d  is  equal  in 
weight  to  the  column  of  alcohol  b  c. 

106.  PreHore  in  Termt  of  Inohei  of  Keronry. — We  may 
speak  of  the  pressure  in  terms  of  mches  of  mercniy.  Thus 
the  pressure  of  a  column  of  water  13.6  inches  long  is  about 
equal  to  a  column  of  mercury  one  inch  long ;  half  an  inch 
of  mercury  would  represent  the  pressure  of  a  column  of 
alcohol  about  eight  and  a  half  inches  long.  In  inflating 
a  football  one  is  likely  to  exert  a  pressure  of  about  three 
inches  of  mercury.  The  ordinary  pressure  upon  a  steam 
radiator  is  likely  to  be  about  ten  inches  of  mercury.  That 
is,  if  we  connect  one  arm  of  a  mercury  pressure  gauge  with 
the  inflated  football  or  the  steam  radiator  these  pressures 
would  force  the  mercury  up  in  the  other  arm  of  the  pres- 
sure gauge  three  inches  in  the  first  case  and  ten 
inches  in  the  second  case. 

107.  Frennre  in  Temu  of  Ponndi  per  Bqoaie 
loch. — We  usually  speak  of  pressure  in  terms  of 
pounds  per  square  inch.     In  Fig.  45  the  column  of 
water  ad  is  represented  as  having  a  cross-section 
of  one  square  inch  and  a  height  of  13.6  inches. 
It  is  bftlanced  by  a  column  of  mercury  Sc,  which 
is  a  cubic  inch  in  volume.     Kow,  a  cubic  inch  of 
mercury  weighs  about  half  a  pound ;  the 
fig]       weight  of  the  column  of  water  is,  there- 
^^JH^j     fore,  about  half  a  pound;  the  pressure 
H^^^P       upon  the  square  inch  of  surface  of  mer- 
FiQ.  15.  cury  where  the  water  rests  upon  it  is 

half  a  pound.  It  is  manifest  that  if  the 
cross-section  of  the  tube  were  half  as  large  there  would 
he  half  the  quantity  of  water,  and  half  the  weight — i.  e., 
one  quarter  of  a  pound  upon  half  a  square  inch ;  or  if  the 
tube  were  one  quarter  or  one  tenth  as  large  in  cross-section 
the  weight  of  water  would  be  one  quarter  or  one  tenth  as 
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much.  The  pressare  would,  however,  in  all  cases  be  at  the 
rate  of  one  half  pound  to  the  square  inch,  so  long  as  the 
height  of  the  coluniii  remained  13.6  inches.  And  let  the 
diameter  of  the  column  abhe  never  so  small  or  great  it  will 
in  every  case  balance  the  cubic  inch  of  mercury  b  c,  pro- 
vided its  height  remaiDB  13.6  inches. 

108.  Krrt  Princi-  

pie. — (a)  Presenre  in 
liquids  is  proportional 
to  the  depth  alone,  and 
is  Ml  influenced  by 
the  size  or  shape  of  the 
vessels  which  contain 
them.  (b)  At  any 
given  depth  the  pres- 
sure in  equal  in  all 
directions. 

The  first  part  of 
this  principle  may  be 
illustrated  by  such 
apparatus  as  is  repre- 
sented in  Fig.  16,  and 
the  second  part  is 
shown  by  such 
apparatus   as  ia 


Fig.   47;   ad    is 

in  each  case  the 

depth    of   the 

water  measured 

vertically,     and 

he    is    in    each 

case     the    mer-  Fig. 

cury     column 

sustained  by  the  pressure  of  the  liquid. 

found  to  be  13.6  as  long  as  be. 
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109.  Fremtr*  ii  due  whollf  to  Gravitr. — A  few  dia- 
graiDB,  such  as  those  represented  in  Fig.  46,  ma;  help  one 
to  feel  that  it  is  not  unnatural  that  the  presanre  of  grarit; 
upon  particles  of  matter  free 
to  move  among  themselTes  will 
result  in  preaanre  aidewise  or 
even  upward.  Having  no  sin- 
gle point  or  even  surface  of  sup- 
port, liquids  do  not,  like  solids, 
exert  a  downward  force  of  mg 
(mass  multiplied  by  the  accel- 
eration of  gravity;  eectiona  65 
and  69)  ou  the  bottom  of  the 
containing  Tesael.  The  pres- 
sure upon  any  point  of  surface 
depends  not  on  the  amount  of 
liquid,  but  entirely  upon  the 
height  of  the  liquid  above  the 
center  of  the  unit  surface. 
In  Fig.  49  the  vessels  have  all  the  same-siied  bases, 
and  the  water  stands  at  the  same  height  in  all.  The 
amount  of  water  in  the  several  veaaels  is  manifestly  very 
different,  hut  the  pressure  upon  the  base  of  each  veaael  isi 
the  same.  This  seems  at  first  sight  an  evident  parados. 
The  weight  of  water  on  the  baae  A  ia  manifestly  the  whole 
weight.    But  this  is 


equal  to  the  volume 
of  the  cylinder  in 
cubic  centimetres 
(since  one  cubic 
centimetre  weighs 
one  gram),  and  the 
volume  is  equal  to 
the  height  multi- 
plied by  the  area  of  the  base.  By  contracting  the  sides, 
as  in  B,  the  amount  of  water  ia  greatly  reduced,  bnt  the 
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preaanre  on  the  base  remains  the  same.  The  presBure  on 
the  portion  of  the  base  ab  ia  equal  to  a  volume  of  water, 
kxab.  This  haa  the  same  intensitj  per  unit  surface  as 
in  A,  since  the  height,  k,  is  the  same.  But  we  could  not 
have  a  greater  pressure  onai  than  at  c  and  d,  for  in  that 
case  there  would  be  a  flow  of  water  toward  c  and  d  accom- 
panied by  depression  of  the  column  which  stands  over  ab 
and  a  reduced  pressure  on  a  6 ;  but  we  know  from  our  ex- 
perience that  no  such  flow  does  take  place.  The  pressure 
on  the  base  ad  is  transmitted  equally  in  all  directions, and 
acts  downward  at  c  and  d  with  precisely  the  same  force  as 
it  does  on  a  b.  In  the  vesgel  C  there  is  more  water  than 
there  is  in  ^,  but  there  is  no  increase  of  pressure  on  the 
base. 

110,  Upward  Preamn  in  Liquids. — Becanse  liquids  trans- 
mit pressure  equally  in  all  directions,  it  follows  that  at  any 
depth  the  upward  pressure  due  to  the  weight  of  the  liquid 
must  be  exactly  the  same  as  the  downward  pressure.  Con- 
sider the  level  a  a  in  the  tank  of 
water  shown  in  Fig.  50.  The 
downward  pressure  on  a  square 
centimetre,  b  c,  is  the  height  of  a 
column  of  water  be  Xh.  If  this 
pressure    were    not    counterbal-  Fia.  BO. 

anced  there  would  be  a  downward 

movement  of  the  liquid.  But  no  such  movement  takes 
place.  Every  square  centimetre  on  the  level  a  a  has  the 
same  downward  pressure  of  h  grams,  and  that  pressure, 
being  transmitted  equally  in  all  directions,  acts  upward  on 
be  and  just  counterbalances  the  downward  pressure. 

The  upward  pressure  of  liquids  is  illustrated  by  a  aimple 
experiment.  An  open  glass  cylinder  (Fig,  61)  with  ground 
edges  has  one  end  closed  by  means  of  a  thin  ground-glass 
cover  plate.  In  the  air  the  plate  has  to  be  held  up  against 
the  cylinder,  but  as  soon  as  cylinder  and  plate  are  immersed 
to  a  depth  of  abont  one  centimetre  in  water,  the  upward  pres- 
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Bure  of  the  water  holds  the  plate  against  the  cylinder.  The 
deeper  the  cylinder  is  pushed  the  greater  the  upward  pres- 
sure, and  the  more  securely  is  the  piste  held  against  the 
cylinder.  If  now  water  be  poured  into  the 
cylinder,  the  cover  plate  will  fall  when  the 
water  in  the  cylinder  is  nearly  at  the  same 
level  as  the  water  outside  in  the  tank.  The 
difference  in  level  represents  the  volume  of 
Fia  SI  water  whose  weight  just  equals  that  of  the 
cover  plate.  Had  the  cylinder  been  filled  with 
alcohol,  or  some  liquid  lighter  than  water,  the  level  iBside 
the  cylinder  would  have  to  be  considerably  higher  than 
the  level  outside  to  make  the  cover  plate  fall  of^ 

The  upward  pressure  on  the  plate  is  equal  to  the  weight 
of  a  column  of  water  having  the  plate  for  its  base,  and  a 
height  equal  to  the  distance  from  the  surface  to  the  lower 
face  of  the  plate.  The  downward  pressure  is  equal  to  the 
weight  of  the  liquid  inside  the  cylinder,  plus  the  weight 
of  the  plate  itself. 

This  upward  pres-  ^  |? 
sure  of  liquids  is  man- 
ifested when  you  raise 
the  tubular  stopper 
in  a  bath  tub  full  of 
water.  The  water 
rushes  up  the  tube  by 
reason  of  the  pressure 
of  the  surrounding 
water. 

111.  Liquids 
■eek  their  own 
LeveL— If  we  have 

several  communicating  vessels,  as  showa  in  Fig.  5S,  and 
pour  water  into  one  of  them,  we  notice  immediately  that  the 
water  rises  in  all  of  thera  to  the  same  level.  We  can  not 
fill  one  vessel  without  filling  all.     On  the  whole,  we  should 


expect  this,  for  if  we  imagine  for  a  moment  that  we  have 
BDCceeded  in  filling  one  Tessel  without  filling  the  others, 
and  look  at  the  presBuree,  we  ehall  find  aii  impossible  state 
of  affaire.  The  liquid  in  the  first  veasel  will  be  unsupported 
at  the  outlet  into  the  second  vessel.  With  the  second  \ea\ 
sel  empty,  there  will  be  nothing  to  balance  that  pressurei 
and  nothing  to  prevent  the  liquid  from  flowing  out,  which.' 
it  accordingly  does.  The  pressure  is  only  balanced  at  each 
outlet  when  the  liquid  stands  at  the  same  height  in  each 
veesel.  This  is  popularly  expressed  by  saying  that  liquids 
seek  their  own  level.  Every  free  surface  of  water,  unacted 
upon  by  wind  or  current,  is  perfectly  level,  and  is  perpen- 
dicular  to  the  direction  of  gravity.  Consider  for  a  moment 
the  force  at  work.  The  only  force  is  gravity,  and  this  al- 
ways acta  vertically  down- 
ward. If  the  surface  were 
not  level,  but  were  Inclined, 
ae  indicated  in  Fig.  C>3,  we 
should  have  at  a  a  downward 
pressare,  represented  by  the 
arrow.  This  preeenre  is  trans- 
mitted equally  in  all  direc- 
tions, and  consequently  acts 
upward  at  h.  In  the  absence  of  any  corresponding  down- 
ward pressure  at  b  the  water  rises  at  i,  and  must  sink  at  a, 
only  coming  to  rest  when  in  all  parts  of  the  liquid,  the 
downward  pressure  and  the  upward  pressure,  are  the  same. 
"We  can  sum  this  up  by  saying  that  the  surface  of  liquids 
is  always  perpendicular  to  the  direction  of  force  acting 
upon  them.  Consequently  the  surface  of  a  still  pond  or 
lake  is  always  level,  since  it  is  everywhere  perpendicular  to 
gravity.  In  the  case  of  the  ocean  or  of  large  bodies  of 
water  generally,  the  direction  of  gravity  changes  about  1° 
every  69  miles,  and  consequently  the  surface,  being  per- 
pendicular to  gravity,  is  always  changing,  and  is  in  reality 
epherical.    Of  course,  the  surface  of  small  ponds  and  lakes 
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is  also  strictly  spherical,  bnt  in  snch  small  distances  the 
departure  from  a  strict  plane  is  not  noticeable. 

lis.  Buoyancy. — From  what  we  hare  learned  thns  far  we 
know  that  any  object  which  sinks  beneath  the  snrface  of  a 
liquid  will  have  pressure  eserted  upon  it  proportional  to 
the  depth  which  it  sinks  into  the  liquid,  and  due  wholly  to 
the  weight  of  the  liquid.     Let  us  consider  the  forces  act> 
ing  upon  a  cubic  centimetre  of  water,  a.  Fig.  54,  in  a  tank 
of  water.     Let  ns  suppose  the  upper  surface  of  the  cube  a 
to  be  1  centimetre  below  the  surface  of  the 
water  in  the  vessel.     On  the  upper  face  of 
the  cube  there  will  be  a  downward  pressare 
equal  to  1  gram,  the  weight  of  the  column 
of  water  above  it.     The  horizontal  pressure 
upon  the  four  faces  may  be  neglected,  since 
they  come  from   four  directions  at  right 
angles  and  just  balance  one  another.     On 
Fio  54  ^^  lower  face  of  the  cube  there  will  be  an 

upward  pressure  of  %  grams,  equal  to  the 
weight  of  a  column  of  water,  whose  height  is  3  centimetres 
and  whose  crosB-seetion  is  1  square  centimetre.  The  down- 
ward pressure  of  water  upon  the  upper  face  of  the  cube  is 
1  gram,  and  the  upward  pressure  of  water  upon  its  lower 
face  is  2  grama.  But  the  cube  does  not  move  upward,  be 
canse  its  own  weight  is  1  gram.  All  the  forces  are  balanced, 
and  the  cube  of  water  stands  still.  This  would  of  course  be 
true  also  of  a  cubic  centimetre  of  any  other  substance  which 
weighed  exactly  1  gram.  Let  us  substitute  for  the  cube  of 
water  a  cube  of  wood  about  half  as  heavy  as  water.  The 
downward  forces  will  be  the  weight  of  the  wood  and  the 
weight  of  the  column  of  water  above  \i,  equal  to  \\  grams. 
The  upward  force  will  be  equal  to  3  grams,  as  before.  Hence 
there  will  be  an  unbalanced  buoyant  force  of  half  a  gram, 
and  the  wood  will  move  upward  until  it  reaches  a  place 
where  the  opposing  forces  are  equal.  Pursue  this  method 
of  reasoning,  and  find  out  that  it  must  rise  until  it  displaces 
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Jiut  its  own  weight  of  water — i.  e.,  antil  only  half  of  the 
cnbe  is  Bttbmerged.  Had  the  cube  been  of  cast  iron,  density 
7.3,  Bapposing  it  to  be  in  its  original  position,  the  upward 
pressure  upon  its  lower  face  would  be  2  grams,  as  before, 
and  the  downward  pressure  would  be  its  own  weight — 7.2 
grams  plus  the  weight  of  the  1  centimetre  of  water  above 
it,  1  gram,  making  a  total  downward  force  of  8.3  grams. 
Hence  the  cube  would  sink  with  a  force  of  8.2  —  2  =  6.3 
grams.  Suppose  the  bottom  of  the  vessel  is  5  centimetres 
below  the  surface  of  the  water  and  the  iron  cube  to  be  rest- 
ing upon  it.  What  would  be  the  buoyant  force  npon  it,  and 
with  how  much  force  would  it  {tress  upon  the  bottom  of  the 
Tessel  ?  If  this  cube  of  iron  were  suspeuded  npon  a  string 
at  various  depths  within  the  liquid,  but  always  wholly  sub- 
merged, would  it  in  every  case  pull  with  the  same  force 
upon  the  string  ?  Would  your  answer  be  the  same  if  liquids 
were  compressible?  Balloons  may  be  made  to  float  higher 
or  lower  in  the  air  by  increasing  or  decreasing  their  weight. 
This  is  not  possible  with  objects  wholly  submerged  in 
liquids.  It  is  a  matter  of  daily  experience  that  as  soon  as 
a  floating  object  becomes  heavy  enough  to  sink  beneath  the 
surface  of  the  water  it  goes  straight  to  the  bottom.  The 
only  way  to  prevent  this  would  be  to  have  liquids  of  dif- 
ferent densities,  and  which  do  not  readily  mix,  arranged  in 
layers  one  above  the  other.  If  a  vessel  is  half  full  of  wa- 
ter, density  1.00,  and  half  full  of  ether,  density  .71,  a  block 
of  oak,  density  .85,  dropped  into  the  vessel  will  sink  to  the 
bottom  of  the  ether  layer  and  float  on  the  water  under- 
neath. An  egg  will  sink  in  fresh  water  and  float  in  salt 
water.  Gonseqaently  if  a  jar  be  half  filled  with  salt  water 
and  then  fresh  water  be  carefully  added,  an  egg  dropped 
into  the  jar  will  sink  halfway,  and  remain  suspended  at 
the  meeting  plane  of  the  two  liquids.  From  such  investi- 
gations we  may  deduce  the  principle  that  a  body  wholly 
submerged  in  a  liquid  is  buoyed  up  by  a  force  exactly  equal 
to  the  weight  of  its  own  volume  of  the  liquid. 

I .,  ..  1,  Google 
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This  IB  prettily  itlustrsted  by  the  apparattiH  represented 
in  Fig.  55,  The  upper  cylinder  ie  hollow,  the  lower  cylin- 
der solid,  and  has  such  a  volume  as  to  exactly  fit  inside  of 
the  upper  cylinder.  They  are  suspended  as  shown  in  the 
figure,  and  carefully  balanced.  Then  water  is  poured  into 
a  Tessel  so  as  to  suhmerge  the  lower  cylinder.     Its  buoyant 


Fio.  66.— Principle  of  Arcbimedee. 

force  lifts  the  left  arm  of  the  balance.  The  upper  cylinder 
is  then  filled  with  water,  and  this  is  found  to  restore  the 
balance,  showing  that  the  buoyant  force  upon  the  sub- 
merged cylinder  is  exactly  equal  to  the  weight  of  its  own 
volume  of  water.  The  same  experiment  may  be  performed 
less  elaborately  by  weighing  any  solid  of  linown  volume, 
say  n  cubic  centimetres,  first  in  air  and  then  in  water.  The 
loss  of  weight  will  be  just  n  grams. 
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Every  bo;  who  has  lifted  a  stone  nnder  water  knowB 
how  heavy  it  suddenly  becomes  when  he  tries  to  bring  it 
above  the  surface.  The  transporting  power  of  running 
water  is  greatly  increased  by  the  buoyancy  of  the  water  and 
the  consequent  loss  of  weight  on  the  part  of  the  material 
carried. 

We  may  make  use  of  this  principle  to  find  the  volume 
of  an  object.  For  example,  if  an  object  weighs  3  grama 
in  air  and  Z  grams  when 
wholly  submerged  in  water, 
the  buoyant  force  of  the 
water  is  1  gram — i.  e.,  its  vol- 
ume is  1  cnbic  centimetre. 

113.  Speoiflo  Gravity.— It 
is  obvious  that  the  object 
mentioned  in  the  last  para- 
graph was  three  times  as 
heavy  as  water.  We  express 
this  by  saying  that  its  spe- 
cific gravity  is  3. 

The  balance  may  be  used 
to  determine  the  specific 
gravity  of  both  solids  and 
liquids. 

a.  Solids. — A  fine  silk 
thread  or  wire  is  tied  around 
the  solid  and  a  loop  made  of 

the  end  several  inches  away  p,,,  M.-9pcc[fic-g™vity  tatance. 
from  the  solid,  bo  that  the 

whole  may  be  freely  suspended  from  the  arm  of  the  bal- 
ance (Fig.  56).  The  weight  is  then  taken  in  air.  Let 
this  be  represented  by  x.  A  glass  of  water  is  now  brought 
nnder  the  solid  and  raised  until  the  entire  solid  is  cov- 
ered by  the  water.  The  solid  must,  of  course,  swing  freely 
in  the  water,  and  not  touch  the  sides  of  the  beaker.  The 
weight  is  taken  in  water.     Let  it  be  represented  by  jr. 
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Then  x  —  y  will  repre^iit  the  loss  of  weight  in  water,  and 
we  will  have  jg^  grayity  =  -^  -. 

x-y 
Example. — A  piece  of  limestona  roek. 

Weight  in  air  =17.65 

Weight  in  water  =  10.99 

Lobs  of  weight  in  water  =   6.66 

Specific  gravity  =  ^  =  S.6S. 

That  is  to  say,  limestone  is  nearly  two  and  two  thirds 
times  as  heavy  sb  an  equal  volume  of  water. 

b.  Liquids. — To  determine  the  specific  gravity  of  a 
liquid  we  must  know  the  weight  of  a  given  volume  of  it, 
and  also  the  weight  of  the  same  volume  of  water.  The 
ratio  of  one  to  the  other  is  the  specific  gravity.  We  can 
easily  find  these  two  quantities  by  taking  a  suitable  glass 
plunger  of  known  weight  {x)  and  weighing  it  first  in  the 
liquid  whose  specific  gravity  is  to  he  tested  (y)  and  then  in 
water  (z).  The  loss  of  weight  in  each  case  will  evidently 
be  the  weight  of  a  volume  of  liquid  equal  to  the  volume  ei. 
the  plunger,  and  we  shall  have  specific  gravity  =  — ~^. 
Example. — Alcohol. 

Weight  of  plunger  in  air        =  10.21  grama  {x) 
"  "         "  alcohol  =    8.46      "      {y) 

"  "         "  water    =    8.02      "      (z) 

„      ..  .^        10.21  -  8.45      1.76       „ 

Specific  gravity  =  ^^,,^-^-^^  =  2^9  =  "^ 

We  have  two  kinds  of  hydrometers  for  determining 
specific  gravity,  the  hydrometer  of  constant  volume  and  the 
hydrometer  of  constant  weight. 

By  the  first  we  can  determine  the  specific  gravity  of 
both  Bolida  and  liquids,  A  form  of  the  instrument,  known 
as  Sieholson's  hydrometer,  is  shown  in  Fig.  57. 

The  solid  whose  specific  gravity  is  to  be  determined  is 
placed  on  the  upper  scale  pan  and  weights  added  until  the 
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hydrometer  Binks  to  the  index  point.    The  solid  is  then 
placed  in  the  lower  pan  under  water  and  weights  added  to 
the  upper  scale  until  the  buoyancy  of  the  now  submerged 
solid    is    compen- 
sated.   The  ftdde 
weights   represet 
the  weight  of  ti 
water  displaced  b 
the    solid.       Th: 
divided    into    tt 
weight  of  the  soli 
gives    its    specifi 
gravity.     In  usin 
the  hydrometer  f c 
liquids  it  is  simpl 
floated  in  the 
liquid    and 
then  iu  pure 
water,  and  the 
weight  of  the 
hydrometer  it- 
self, plus  the  added  weights,  will  give  the  weights  of  the 
liquid  and  of  the  water  displaced.     One  divided  by  the 
other  is  the  specific  gravity. 

The  hydrometer  of  constant  weight  may  be  used  only  for 
liquids.  It  is  made  of  glass,  and  consists  of  a  cylinder  or 
tube,  terminating  below  in  a  bulb  loaded  with  mercury  or 
shot,  and  above  in  a  long  slender  tube  which  carries  a  scale 
and  projects  above  the  surface  when  the  hydrometer  is 
floated  in  water  (Fig.  58). 

Now,  in  order  that  any  solid  may  float,  ill  must  displace 
an  amount  of  liquid  whose  weight  is  just  equal  to  its  own 
weight.  Hence  when  the  hydrometer  is  put  into  liquids 
lighter  than  water  it  sinks  deeper,  and  when  into  liquids 
heavier  than  water  it  rises  higher  above  the  surface.  If 
the  point  on  the  scale  to  which  the  hydrometer  sinks  in 
8 

Google 


'IQB\- :'■'■':  \     ■   ■'■  PHYSICS 

distilled  water  be  marked  1,  the  markingB  on  the  scale 
below  this  point  will  be  greatei*  than  1,  and  above  will  be 
less  than  1. 

By  adjusting  the  hydrometer  bo  that  it  will  sink  about 
midway  on  the  scale  in  water,  the  one  instrument  may 
measure  epecifio  gravities  greater  and  lees  than  unity ;  but 
in  order  to  gain 
greater  sensitive- 
ness it  is  common 
to  use  two  instru- 
ments, one  for  liq- 
nida  denser  than 
water  and  the  other 
for  liquids  lighter 
than  water. 

The  alcohol- 
meter  is  a  hydrom 
eter  made  especial- 
ly to  measure  alco- 
hol. The  upper 
end  of  the  scale, 
marked  100,  is  the 
point  to  which  the 

„      ,„    „  .        .        ,_.■..  instrument    sinks 

Fig.  5S. — Uydrometeis  of  coDBtant  weight. 

in  pure  alcohol. 
The  lower  part  of  the  scale,  marked  0,  is  the  point  to  which 
it  sinks  in  distilled  water.  The  intermediate  readings  give 
directly  the  percentage  of  alcohol. 

The  lactometer  is  a  hydrometer  graduated  with  special 
reference  to  milk,  and  is  used  by  official  inspectors.  Other 
hydrometers,  such  as  Banme's,  are  graduated  empirically — 
that  is,  without  direct  reference  to  specific  gravity — and 
are  used  in  industries  where  it  is  desired  to  keep  trade 
secrets. 

In  all  of  the  above  work  it  has  been  asanmed  that  the 
solids  are  heavier  than  water  and  will  not  dissolve.    In  case 
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tbey  are  lighter  they  must  be  weighted  with  Bome  solid  of 
known  specific  gravity  and  the  calcalation  made  accord- 
ingly. In  ease  they  dissolve  in  water,  another  liquid  in 
which  they  will  not  dissolve  must  be  nsed  and  the  neces- 
sary correction  made. 

There  is  a  classic  story  to  the  eBect  that  Hiero,  Tyrant 
of  SyracQse,  having  a  daintily  wronght  crown  which  he 
saspected  not  to  be  of  pare  gold,  sent  it  to  the  philosopher 
Archimedes  to  test  for  him.  The  philosopher  was  pnzzled, 
for  the  crown  was  to  be  tested  without  any  damage  to  the 
clever  workmanship.  But  one  day,  being  in  the  bath  and 
noticing  that  his  body  displaced  its  own  volume  of  water,  ' 
it  occurred  to  him  that  buoyancy  would  enable  him  to  de- 
termine the  specific  gravity  of  the  crowu,  and  thus  he 
might  compare  it  with  pare  gold.  He  sprang  out  of  the 
water  shouting, "  Eureka ! "  {I  have  found  it.)  He  demon- 
strated that  the  crown  was  not  gold,  and  Hiero  had  the 
fraudulent  craftsman  dreadfully  punished.  Archimedes 
is  celebrated  for  his  researches  in  buoyancy  and  specific 
gravity. 

114.  The  Speeiflo  Gravity  of  the  Human  Body.— There  is 
a  great  difference  in  the  density  of  the  human  body.  In 
fat  persons  it  is  less  and  in  thin  persons  more,  but  the  gen- 
eral average  may  be  stated  at  ,89.  All  persons  ought, 
therefore,  to  fioat;  yet  many  drown  each  year  by  taking 
water  into  their  lungs  until  the  specific  gravity  rises  above 
1.  It  is  well  known  that  the  bodies  of  persons  who  have 
drowned  float  again  a  few  days  after  death.  This  is  due  to 
the  inflation  of  the  bodies  with  gases  produced  by  decom- 
position. 

There  are  salt  lakes  where  the  density  of  the  water  is 
so  great  that  the  human  body  can  not  sink.  The  Great 
Salt  Lake  in  Utah  is  such  a  place,  and  also  the  Dead  Sea  in 
Palestine. 

115.  How  Iron  Ships  Ploat. — Modem  ships  are  some- 
times bnilt  of  iron  or  steel,  specific  gravity  7.75,  but  being 
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hollow  they  displace,  vithoat  BinkiDg  to  a  very  great  depth, 
an  amount  of  water  that  easily  equals  their  own  weight. 
We  sometimes  hear  that  a  certain  ship  is  of  10,000  tons 
burden  or  displacement.  This  is  the  weight  of  the  water 
which  it  displaces.  This  must  be  the  buoyant  force  of  the 
water  and  therefore  the  total  weight  of  ship  and  cargo. 
One  cubic  foot  of  water  weighs  about  63.6  pounds.  Ten 
thousand  tons  of  water  would  fill  a  tank  400  feet  long,  40 
feet  wide,  and  20  feet  deep.  These  dimensions  are  not  so 
great  as  some  of  our  largest  ocean  steamers.  By  building 
the  ship  in  water-tight  compartments  it  is  practically  un- 
sinkable.  In  case  of  collision  one  or  more  compartments 
may  be  broken  open  and  the  ship  settle  considerably,  bat 
the  displacement  of  the  other  compartments  will  still  keep 
it  afioat. 

116.  Stability  of  Floatiii;  Bodies. — There  are  two  points 
to  be  considered  with  reference  to  the  stability  of  floating 
bodies.  The  center  of  grarity — that  is,  the  point  of  appli- 
cation of  the  downward  force — and  the  point  of  application 
of  buoyancy — the  upward  force.  This  latter  must  be  the 
center  of  mass  of  the  submerged  portion.  The  center  of 
gravity  and  the  center  of  buoyancy  mast  always  be  in  the 
same  vertical  line,  for  otherwise,  the  forcee  being  equal  and 
parallel,  we  should  have  a  couple  (see  page  68),  and  rota- 
tion would  bring  the  two  forces  into  line.  When  the  cen- 
ter of  gravity  is  below  the  center  of  buoyancy  and  in  ita 
lowest  posaible  position  the  equilibrium  is  stable.  When 
the  center  of  gravity  is  above  the  center  of  buoyancy  or  is 
not  in  its  lowest  possible  position,  the  equilibrium  is  un- 
stable and  the  floating  body  will  capsize  if  in  doing  so  the 
center  of  gravity  can  assume  a  lower  position.  The  danger 
in  standing  up  in  a  canoe  or  other  light  boat  is  that  in 
doing  so  the  center  of  gravity  of  the  system  is  lifted  above 
the  center  of  buoyancy.  Yaclits  have  keels  of  lead  pro- 
jecting far  down  into  the  water  so  as  to  carry  the  center  of 
gravity  as  tar  below  the  center  of  buoyancy  as  possible. 
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1X7.  Oeneral  Behavior  of  OtMS.— In  their  general  me- 
chanical behavior,  gasea  differ  from  liqaide  only  in  being 
Beosibl;  compressible  and  infinitely  ezpanBible.  They  all 
exert  pressure  because  they  &11  have  weight. 

118.  Seooad  Prinoiplfl. — (a)'  Preggure  in  gaeen  increases 
with  the  depth,  but  is  not  proportional  to  it.  (b)  At  any 
given  depth  the  pressure  is  equal  in  aU  directions. 

119.  TIm  Atmoaphen. — We  speak  of  tamblera,  pails,  and 
other  hollow  Teseels  as  being  empty  when  they  contain  only 
air;  bnt  a  very  little  examination  shows  us  that  the  air  is  a 
very  real  substance,  and  that  we  must  take  account  of  it 
quite  as  seriously  as  of  brick  and  mortar.  A  tumbler  turned 
upside  down  and  thmst  into  water  is  not  filled  by  the  water, 
for  the  air  is  already  there  and  excludes  the  water. 

For  Q8  the  air  is  an  ever-present  reality,  for  we  live  at 
the  bottom  of  an  aerial  ocean,  which  ie  estimated  to  be 
more  than  twn  huTiHrBfl  milnB  Hepp.  Those  of  us  who  live 
at  the  aea  level  are  at  the  bottom  of  this  ocean,  where  the 
pressure  is  greatest.  Those  who  live  at  places  like  Denver 
(about  five  thousand  feet  high)  or  Leadville  (about  ten 
thousand  feet)  are  leas  deep  in  this  ocean  of  air,  and  are 
under  considerably  less  pressure  than  we  are.  Men,  ani- 
mals, and  plants  are  no  doubt  affected  to  some  extent  by 
the  variation  in  atmospheric  pressure  at  different  heights 
upon  the  earth's  surface.  It  will  not  do  to  forget  the 
atmosphere,  or  leave  it  out  of  the  count,  whether  we  are 
105 
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dealiog  vitli  energy  and  m&tter,  or  with  animals  and  plants. 
It  is  an  eTer-preBent  and  ever-variable  fact. 

120.  Weight  of  Air. — "  Light  aa  air  "  used  to  mean  light 
as  nothing.  Aristotle,  the  encjclopfedia  of  the  ancient 
world,  had  hinted  that  air  might  have  weight ;  but  in  gen- 
eral to  the  early  philosophers  air  and  space  were  about  the 
same  thing.  Galileo  and  Gnericke  showed  that  air,  like  all 
matter,  has  appreciable  weight.  If  a  glass  globe  holding 
1  litre,  1,000  cubic  centimetres,  be  exhausted  of  air  and 
weighed,  then  reSUed  with  air  and  weighed,  the  difference 
in  weight,  if  the  experiment  be  made  at  the  sea  level  and 
at  the  temperature  of  freezing  water,  will  be  found  to  be 
1.293  grams.  This  represents  the  weight  of  1  litre  of  dry 
air  under  normal  conditions.  Hence  1  centimetre  of  air 
weighs  .001393  gram,  and  this  number  represents  the  den- 
sity of  air  (page  43).  The  density  of  water  is  773  times  as 
great.  In  the  same  way  we  may  find  the  weight  of  one 
litre  of  hydrogen,  .089  gram,  or  of  one  litre  of  oxygen,  1.439 
grams,  or  of  one  litre  of  any  other  gas.  These  numbers 
divided  by  t,000  will  give  the  density  of  the  gas.  It  is 
more  common  to  speak  of  their  specific  gravity,  however. 
This  is  their  density  divided  by  the  density  of  air. 


001393  ~  '^^^  ~  ^P*'*''^^  gra'^ity  of  hydrogen. 
"001293  ~  ^-^^^^  =  specific  gravity  of  oxygen. 

Or,  knowing  the  weight  of  one  litre  of  dry  air,  and  the  spe- 
cific gravity  of  a  gas,  we  can  readily  calculate  the  weight  of 
one  litre  of  the  gas. 

Thus :  1-393  gr.  X  sp.  gr.  of  gas  =  wt.  of  1  litre  of  the  gas. 
1.293  gr.  X  .069  =  .089  =  wt.  of  1  litre  of  hydrogen. 
A  cubic  foot  of  air  weighs  about  1.38  ounces.  Thus,  the 
air  in  a  lecture-room  40  X  50  X  35  feet  weighs  about  two 
tons.  Imagine  the  air  of  anch  a  lecture-room  moving  across 
the  country  at  the  rate  of  seventy-five  miles  an  honr,  as  it 
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might  in  a  harricsDe.  It  is  easy  to  conceire  that  tvo  toiu 
of  air  moving  at  such  Telocity  might  dislodge  some  build- 
ing, or  uproot  some  trees,  or  pile  up  sand  or  snow  or  sea, 
or  drive  Itmonsly  a  heavy  sailing  vessel ;  and  the  fact  that 
it  moves  with  sach  momentum  ImpresseB  ua  not  only  that . 
it  has  velocity  but  also  weight. 

121.  The  Barometer. — Over  two  hundred  and  fifty  years 
ago  (1643)  Torricelli,  a  pupil  of  Galileo,  conceived  a  plui 
for  measuring  the  pressure  of  the 
atmosphere  bo  simple  and  direct  and 
BO  altogether  excellent  that  it  has 
been  used  ever  since.  A  straight  glass 
tube  (Fig.  59),  abont  one  metre  long 
and  abont  five  millimetres  in  diam- 
eter, is  closed  at  one  end  and  com- 
pletely filled  with  mercury.  The  open 
end  is  then  closed  by  the  thumb,  and 
the  tube  inverted.  It  is  thrust 
under  the  surface  of  a  bath  of 
mercury  and  the  thumb  with- 
drawn, as  soon  as  all  com- 
munication with  the  air  is 
closed  off.  The  mercury  in 
the  tube  falls  a  little, 
and  after  a  few  oscilla- 
tions comeB  to  rest  at  a 
point  many  centimetres 
above  the  level  of  mer- 

ycury  in  the  bath.    We  '     fio,  69. 

represent  this  height 
by  A.  At  the  sea  level,  under  usual  conditions  of 
Pio,  eo.  weather,  and  at  the  freezing  point,  it  is  seven 
hundred  and  sixty  millimetres.  The  simple  form, 
represented  in  Fig.  60,  is  much  in  nae.  Such  an  instru- 
ment is  known  as  a  barometer  (pressure  gauge).  Let  us 
consider  the  forces  at  work.     On  the  free  surface  of  th© 
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mercury  there  is  manifeetly  the  downward  preseare  of  the 
atmosphere.  This  is  transmitted,  and  acts  upward  in  the 
tnbe  at  the  same  leyel  with  nndiminiahed  intensity.  Here 
it  meets  a  downward  force,  the  weight  of  a  column  of  mer- 
cury of  height  h.  As  the  mercury  in  the  tube  stands  still, 
the  two  forces  mnst  be  equal.  As  h  would  be  the  same, 
whatever  the  cross-section  of  the  tube,  let  us  consider  it  to 
be  1  sq.  cm.  The  weight  of  a  colnmn  of  mercury  76  cm. 
high  and  1  sq.  cm.  in  croBs-eection  is  manifeBtly  the  weight 
of  76  cubic  cm.  of  mercury.  As  the  denaity  of  mercury  is 
13.596,  the  weight  of  76  cubic  cm.  must  be  76  X  13.696  = 
1033.296  grams.  This,  then,  is  the  presBure  exerted  by  the 
atmoephere  on  every  square  centimetre  of  surface,  and  is 
commonly  called  one  atmosphere. 

The  preBBnre  of  the  atmosphere  is  thus  expressed  as 
weight.  It  may  be  ezpreBBcd  as  force  by  multiplying  the 
result  hjg,  since  F  =  ma  =  mg.  1033.296  X  980  =  1,012,630 
dynes  (pages  52  and  55). 

The  barometer  is  like  a  pair  of  weighing  balances  where 
liquid  pressure  upon  one  scale-pan  counterbalances  gaseous 
pressure  upon  the  other  scale-pan. 

In  English  units  h,  under  normal  conditions,  ie  about 
thirty  inches.  If  we  consider  the  barometer  to  have  a 
cross-section  of  one  square  inch,  the  atmospheric  pressure 
per  square  inch  must  be  the  weight  of  thirty  cubic  inches 
of  mercury,  or  14.7  pounds.  Hence,  it  is  common  to  say 
that  the  atmospheric  pressure  is  fifteen  pounds  to  the 
square  inch.  In  one  convenient  form  of  barometer.  Far- 
tin's  {Fig.  61),  the  cistern  has  a  flexible  bottom,  and  a  little 
ivory  pointer  establishes  the  level  of  the  mercury.  A 
screw  in  the  lower  part  of  the  cistern  makes  it  possible  to 
raise  and  lower  the  flexible  bottom,  and  so  adjust  the  level 
of  the  mercury  to  the  pointer.  This  forms  the  zero  of  the 
permanent  scale.  By  means  of  the  sliding  vernier  at  the 
top  of  the  barometer  tube  {Fig.  62)  the  reading  may  be 
taken  directly  and  with  great  accuracy. 
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Other  liqnide  may  be  used  in  a  barometer.     The  Bpecial 
advantage  of  mercurj  is  that  its  great  deoeit;  makes  the 
columD  conveniently  short.     Its  disadvantage  is  that  the 
variations    in    h    are    correspondingly 
small.     In  a  water  barometer  we  have 
the  reverse  conditions,  an  inconvenient- 
ly  long   column,    76   cm.  X  13.596  = 
1033.296  cm.,  and  large  variations  in  h. 
\%%  The  Aneroid  BarraneteT.— The 
mercary  barometer  is  the  most  accu- 
rate form  that  we   can  have.     It  is, 
however,    not    conveniently    portable, 
and  where  observations  are  to  be  made 
on  top  of  a  high  mountain  or  other 
spot    of   difficult  access,  the    aneroid 
baro.meter  is  often  substi- 
tuted.    In  this  the  atmos- 
phere acts  against  the  flex- 
ible corrugated  metal  cover 
of  a  sealed  box  (Fig.  63). 
The  greater  the  pressure, 
the  more  the  flexible  cover 
will  be  forced  in.     Its  mo- 
tion ie  transmitted  by  a 
system   of    delicate   levers 
to  a  light   pointer,  which 
moves  over  the  surface  of 
a   graduated    circle.     The 
reading   is    made    directly 
in  millimetreB  of  mercury, 
the  graduation  being  effect- 
*'"'i.S»l?'°'"      e-i  by  comp.ri,on   with  .      ^r.^- 
standard  barometer. 
123.  Variationi  in  Atmoipherio  Preunre.— The  pressure 
of  the  atmosphere   is  always  changing.     The   barometer 
records  this  change,  and  serves  us  in  a  double  capacity.    If 
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the  barometer  be  fixed,  it  records  the  change  at  any  one 

spot;    if  the  barometer  be  taken  to  different  elevations 

above  the  sea,  it  tells  us 

the  elevation  by  means 

of  the  change. 

First.  If  the  ocean 
of  air  covering  the  earth 
were  allowed  to  come 
to  rest  we  should  have 
final  equilibrium,  when 
the  pressure  was  exacts 
ly  the  same  at  the  same 
altitude  all  over  the 
world.  In  that  case,  a 
fixed  barometer  would 
always  give  the  same 
reading,  and,  once 
„      gg  taken,    the    barometer 

would  be  of  no  further 
service.  But  we  all  know  that  the  air  is  far  from  being  at 
rest.  It  ifl,  in  fact,  constantly  in  motion.  The  rotation  of 
the  earth  and  the  difference  of  temperature  set  np  cur- 
rents and  counter-currents  in  this  aerial  ocean  that  give  us 
all  the  phenomena  of  wind,  from  gentlest  zephyr  to  fiercest 
hurricane.  But  the  effort  at  equilibrium  goes  on  jnst  the 
same,  and  the  barometer  has  much  to  say  about  our  prob- 
able weather, 

A  low  barometer  indicates  storm,  because  it  means 
that  air  from  surrounding  regions  will  rush  in  to  restore 
equilibrium,  and  will  probably  cause  precipitation — rain, 
snow,  hail,  sleet — according  to  the  season.  A  high  or  rising 
barometer  meana  fair  weather,  because  it  indicates  a  flowing 
away  of  air  from  that  spot,  and  consequently  freedom  from 
outside  influence. 

The  Weather  Bureau  at  Washington  receives  daily  tele- 
grams from  all  the  observatories  throughout  the  country 
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atdting  the  barometer  and  other  climatic  conditiona.  These 
data  are  at  once  put  down  on  the  map  so  that  one  can  see 
the  GonditioDB  over  the  whole  country  at  a  glance.  Lines 
joining  places  of  the  same  preBanre  are  called  isobars. 
These  lines  are  foand  to  curre  aboot  certain  centers.  The 
accompanying  weather  map  (Fig.  64)  illnstrates  the  actual 
conditions  of  the  atmosphere  with  respect  to  pressure  in  all 
parts  of  the  United  States  on  a  certain  day  and  hour. 

Secondly/.  The  variations  in  pressure  at  any  one  spot 
are  small  compared  with  its  variations  when  taken  to  differ- 
ent heights.  If  the  atmosphere  were  of  nniform  density 
throughout,  like  an  ocean  of  water,  it  would  be  about  fire 
miles  high  and  the  elevations  in  it  would  be  directly  pro- 
portional to  pressure ;  but  on  account  of  its  compressibility 
and  variations  in  the  temperature  the  density  of  the  atmos- 
phere la  very  far  from  nniform,  and  a  somewhat  compli- 
cated formala  must  be  used  to  got  the  exact  height.  The 
atmosphere  is  naturally  much  denser  near  the  surface  of 
the  earth,  since  it  is  here  under  greater  pressure.  Half  the 
atmosphere  is  within  three  and  a  half  miles  of  the  earth, 
since  at  that  elevation,  about  5}  kilometres,  the  barometer 
stands  at  38  centimetres.  For  moderate  altitudes  the  fall 
of  h  is  about  1  centimetre  for  an  ascent  of  100  metres. 

tSi.  Bofle'i  Law. — On  acconnt  of  the  perfect  compressi- 
bility and  elasticity  of  gases  their  volume  changes  with  the 
least  change  of  pressure.  Boyle  in  England  and  Mariotte 
on  the  Continent  found  that  the  volume  of  a  gas  is  in- 
versely proportional  to  the  pressure  it  supports,  or,  in  other 
words,  that  the  product  of  pressure  and  volume,  ^  v,  ia, 
always  constant. 

p  II  ^=p'  v'  =p"  V." 

This  can  readily  be  shown  experimentally.  For  pres- 
sures greater  than  one  atmosphere.  Figs.  65  and  66  represent 
convenient  forms  of  apparatus.  The  latter  consists  of  two 
short  pieces  of  glass  tubing  connected  by  rubber  tubing. 
The  lower  piece  of  glaaa  tubing  is  closed  at  c.    Mercury  fills 
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the  tubing  from  a  to  b.    The  arm  a  is  lowered  until  the 
mercury  staDila  at  the  same  level  in  both  arms.    The  length 

ol  the  column  of  air  b  c  is  then  noted  while 

it  is  under  the  pressure  of  the  atmosphere 
alone. ,  The  arm  a  is  then  raised  until  the 
mercury  at  a  is,  say,  thirty  inches  higher 
than  at  h.    The  air  }  c  is  then  under  the 
pressure  of  two  atmospheres,  and  it  will  be 
found  to  have  contracted  to  one  half  its 
original  volume.     If  the  difference  in  level 
between  a  and'  h  is  made  fifteen  inches,  the 
pressure  will  be  three  halves  of  an  atmos- 
phere and  air  will   be   compressed  to  two 
thirds  its  original  volume.     If  the  pressure 
is  made  four  thirds  of  an 
atmosphere,    the     volume 
will    be   reduced   to  three 
fourths,  etc. 

For  pressure  less  than 
an  atmosphere.  Pig.  67  rep- 
resents the  way  the  appara- 
tus is  naed.  Suppose  a  is 
6fteen  inches  below  i,  then 
the  pressure  upon  the  air 
hc'vi  one  atmosphere  minus 
half  an  atmosphere — i.  e., 
the  pressure  is  reduced  to 
one  half  and  the  volume 
will  be  increased  to  3.  If 
I  a  is  made  twenty  inches  be- 

Fio.  61,  Fio.  M.  Fio.  67.    low  b,  the  pressure  will  be 

one  third  and  volume  3,  etc. 
This  is  Boyle's  law,  which  may  be  stated  in  words  as 
follows :  If  the  temperature  be  constant,  the  volume  of  a 
body  of  gas  varies  inversely  as  the  pressure.    The  law  is  not 
absolutely  correct,  the  variation  being  greatest  in  case  of 
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those  gaaes  like  ammonia  and  carbon  dioride  that  are  easily 
liquefied. 

125.  Cloted  Freunre  Oangei. — For  many  parpoBCB  it  is 
desirable  to  measure  the  pressure  of  a  gas,  as  the  preasure  of 

steam  in  a  boiler,  the  pressure  of  illnmi- 
B^^  nating  gas  in  a  main,  the  pressure  of  air 
in  the  air  blast  of  a  furnace,  and  the  like. 
If  the  pressure  is  bnt  slightly  in  escess  of 
one  atmosphere  the  pressure  gauge  may 
be  open.  The  reading  is  generally  given 
directly  in  millimetres  of  mercury.  For 
larger  pressures  the  closed  pressure  gauge 
is  more  convenient  (Fig.  68).  The  pres- 
Fio.  66.  sure  is  measured  by  the  decrease  in  the 

volume  of  the  inclosed  air.  Such  an  in- 
strument is  practically  a  balance — on  one  side  the  elasticity 
of  the  air,  on  the  other  side  the  pressure  of  the  gas. 

126.  Buoyanoy  of  Air.— It  has  already  been  stated  that 
bodies  immersed  in  any  fluid,  whether  liquid  or  gas,  are 
pressed  upward  with  a 
force  just  equal  to  the 
weight  of  the  fluid  dis- 
placed. In  the  case  of 
air,  if  the  bodies  are 
heavy,  the  buoyancy  is  so 
alight  that  it  is  common- 
ly neglected ;  but  in  very 
accurate  weighing  the 
weight  of  an  equal  vol- 
ume of  air  must  always 
be  added  to  the  apparent  Fi«'  **- 

weight  of  a  body,  since  its 

real  weight  is  reduced  by  just  that  amount.  True  weight 
is  therefore  the  equivalent  of  weighing  in  a  vacuum.  This 
buoyancy  can  be  shown  experimentally  by  a  balanced  hol- 
low sphere  (Fig,  69).     When  it  is  placed  under  the  receiver 
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of  an  air  pump  and  the  air  exliansted,  the  sphere  shows 
itself  to  be  heavier  than  its  counterpoise. 

187.  Ballooni. — The  principle  of  aerial  buoyancy  also 
makes  it  possible  for  as  to  constmct  air  ships  and  balloons 
that  will  float  and  even  remain  at  varying  heights  at  our 
will.  If  we  know  the  dimensions  of  a  balloon  and  the  gas 
with  which  it  is  filled,  we  can  easily  calculate  its  buoyant 
force. 

Example. — What  weight  will  a  spherical  balloon  20 
metres  in  diameter  and  filled  with  hydrogen  gas  support  at 
sea  level  ?    Let  the  conditions  be  normal. 

Volnme  =  i»-D'  =  i^X  3.1416  X  (2,000)'  = 

4,188,800,000  cubic  centimetres  or  4,188,800  litres. 

Weight  of  1  litre  of  air  —  1.293  grams. 

Weight  of  1  litre  of  hydrogen  =  .089  grams. 

Bnoyant  force  of  air  upon  1  litre  of  H  =  1.204  grams. 

Buoyant  force  of  the  air  upon  the  balloon  = 
4,188,800  X  1.204  =  5,043,315  grams. 
=  5,043.3  kilograms  (about  5^  tons). 
To  find  the  available  uplift  we  must,  of  course,  subtract  the 
weight  of  the  silk  envelope,  cordage,  car,  and  other  para- 
phernalia.   Those  who  know  how  to  make  H,  and  how  to 
calculate   quantities   in    chemistry   by   means   of   atomic 
weights,  can  readily  calculate  how  much  Zn  would  have 
to  be  dissolved  in  acid  in  order  to  fill  such  a  balloon. 

Volume  of  balloon  =  4,188,800  litres. 

Weight  of  1  litre  of  H  =  .089  grams. 

Weight  of  total  H  =  4,188,800  X  .089  =  252,802.2  grams. 
Now  for  the  chemical  part :  Zn  +  H,S04  =  ZnSOj  +  2H. 
Each  atom  of  Zn  dissolved  liberates  2  atoms  of  H,  and  65 
grams  of  Zn  will  yield  2  grams  of  H,  and  hence  32^  times 
252,803.2  grams  of  Zn  will  be  required,  or  4,108  kilograms 
(about  4^  tons).  Thus  the  original  question  might  take 
this  form :  How  much  Zn  must  be  dissolved  in  acid  in 
order  to  produce  enough  H  to  fill  a  balloon  that  is  to  have 
a  buoyant  force  of  1,000  kilograms  ? 
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It  follows  from  the  fact  that  the  air  ia  compressible,  that 
the  balloon,  if  its  volume  were  coQstaot,  would  displace  a 
greater  weight  of  air  at  sea  level  thaa  at  an  elevation.  If 
we  desire  the  balloon  to  float  near  the  earth's  enrface  we 
may  load  it  with  bags  of  sand,  and  if  we  desire  it  to  rise  to 
greater  heighta  we  throw  out  these  bags  of  sand.  When 
we  desire  the  balloon  to  descend  we  open  a  valve  and  let 
oat  some  of  the  gas  with  which  it  is  inflated,  thus  decrcas* 
ing  its  displacement. 

Problruh 1.  What  will  be  the  weight  of  one  litre  of  carbonic- 
acid  gas,  the  apeciBc  gravity  being  1.58  ? 

3.  Which  is  absolutely  the  heavier,  a  pound  of  feathers  or  a 
pound  of  gold,  and  wh;  ! 

8.  If  a  bi>d;  of  gas  occupy  1.2  litres,  when  h  =  760  millimetres, 
what  will  be  its  volume  when  h  =  li8  millimetres  1 

4.  A  steel  cylinder  8  feet  high  and  10  inches  in  diameter  is  filled 
with  oxygen  gas.  The  pressure  gauge  shows  that  the  gas  has  a 
tension  of  240  pounds  pec  square  inch.  How  much  space  would 
this  gas  occupy  if  allowed  to  escape  into  the  atmosphere  under  nor- 
mal conditions  t 
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CHAPTER  XVI 
TRAXsmsszoir  or  fjuessitrx  nr  rLums 

128.  TIw  TranniUBiion  of  Freunre.— Chapter  XIY  dealt 
vitb  pressure  in  liquids,  and  Chapter  XV  with  pressure  in 
gases.  It  mast  not  be  overlooked  that  the  study  of  pres- 
sure in  gaeea  was  to  a  large  extent  a  review  or  reiteration 
of  the  first  principle  stated  in  section  106.  Oases  are 
separated  from  liqaids  in  this  discussion  because  they  are 
compressible,  while  liquids  are  not.  The  third  principle, 
vhich  we  are  about  to  take  up  in  this  chapter,  is  equally 
applicable  to  both  liquids  and  gases,  and  is  merely  a  more 
exteuSed  discueeion  of  what  was  first  presented  in  sec- 
tion 109. 

When  pressure  is  exerted  on  a  rigid  solid  the  pressure 
is  transmitted  in  a  straight  line  from  the  point  of  applica- 
tion of  the  pressure  to  the  point  of  support  of  the  solid. 
This  is  very  obvious.  When  pressure  is  exerted  on  a  fluid 
precisely  the  same  thing  takes  place,  but — and  this  is  the 
important  matter — where  is  the  point  of  application  of  the 
pressure  on  a  fluid,  and  where  is  the  point  of  support  of 
the  fluid  ?  If  we  can  answer  these  two  questions  we  shall 
bave  the  main  facts  about  the  mechanics  of  fluids. 

First,  as  to  the  point  of  application.  This  can  not  be  a 
point  at  all,  since  a  point  would  simply  penetrate  the  fluid 
by  pushing  its  molecules  aside,  and  would  exert  no  pressure 
whatever.  No  pressure  can  be  exerted  on  a  fluid  except  by 
an  extended  surface,  and  only  then  if  the  surface  be  moved 
against  the  fluid  so  rapidly  that  the  fluid  has  no  chance  to 
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push  by  and  escape,  or  by  bsving  the  surface  act  against 
the  fluid  in  a  fluid-tight  yeesel.  The  first  method  is  used 
in  the  blade  of  an  oar,  paddle  wheel,  propeller  Borew,  or 
mdder,  where  preasure  is  exerted  against  water.  In  a 
windmill  the  same  method  is  applied  to  the  air.  Obaerre 
that  it  makes  no  difterenee  whether  the  surface  is  forced 
against  the  fluid,  as  in  oar  and  paddle,  or  the  fluid  is  forced 
against  the  surface,  as  in  rudder  and  windmill.  The  sec- 
ond method  of  getting  hold  is  well  illustrated  by  the  pres- 
sure of  the  piston  upon  the  confined  air  in  a  bicycle  pump. 

129.  Third  PrinoiplA. — Pressure  exerted  upon  a  fluid 
{liquid  or  gas)  inclosed  in  a  vessel  is  transmitted  equally  in 
all  directions,  the  toted  pressure  upon  the  walls  of  the  vessel 
being  proportional  to  the  area. 

A  person  applies  his  mouth  to  one  arm  of  the  mercury 
pressure  gauge  and  finds  that  he  is  capable  of  exerting 
with  the  air  ^om  his  lungs  a  pressure  sufficient  to  support 
a  column  of  mercury  three  inches  high — a  pressure  which 
we  hare  learned  (section  107)  to  designate  as  one  and  a 
half  pounds  pressure  per  square  inch;  if  he  now  applies 
his  mouth  to  two  pressure  gauges  at  the  same  time  with 
an  effort  equal  to  that  used  before,  he  may  make  each  of 
them  register  three  inches,  or  one  and  a  half  pounds  per 
sqnare  inch.  In  the  same  manner  he  may  exert  pressure 
upon  any  number  of  pressure  gauges  simultaneously,  and 
find  that  it  is  as  easy  to  hold  up  a  hundred  columns  of  mer- 
cury as  it  is  to  hold  up  one.  There  should  be  no  paradoxes 
in  phyEicB.  The  statement  of  this  third  principle  has  been 
withheld  until  now  in  order  that  its  truth  should  appear 
axiomatic  rather  than  paradoxical.  Should  any  one  find 
this  principle  obscure  he  is  advised  to  review  Chapters  XIV 
and  XV. 

If  a  certain  definite  pressure  is  exerted  upon  a  gaa  in- 
closed in  a  vessel,  one,  two,  or  any  number  of  pressure 
gauges  may  be  inserted  in  top,  bottom,  and  sides  of  that 
vessel  and  all  will  be  found  to  indicate  the  same  pressure. 
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If  the  fiuid  had  appreciable  weight,  as  would  be  the  case 
with  a  liquid,  the  pressure  gauge  would,  of  course,  indicate 
that  in  addition  to  the  given  external  pressure,  and  they 
would  vary  according  tothe  depth  of  the  liquid. 

Suppose  rubber  cloth  is  tied  air-tight  over  the  top  of  a 
jelly-cake  tin  (Fig.  70),  the  diameter  of  which  is  ten  inches. 
A  tnbe  is  inserted  air-tight  into 
the  side  of  the  tin ;  a  board  is 
laid  on  top,  and  a  weight  placed 
upon  it.    A  person  who  applies  ^la.  to. 

his  mouth  to  the  tube  and  eserts 
a  pressure  from  his  lungs  of  one  and  a  half  pounds  per 
square  inch  may  have  the  novel  experience  of  lifting  about 
118  pounds  by  the  breath  of  his  mouth.  It  is,  of  course, 
understood  that  the  weight  is  to  be  only  juat  started  to 
rise,  and  not  lifted  any  appreciable  distance,  in  which  case 
the  tension  of  the  rubber  cloth  may  be  neglected. 

The  applications  of  the  principles  of  fluid  pressure  in 
practical  life  are  very  numerous  and  important.     They  may 
be  analyzed  in  the  same  way  as  machines  (section  98). 
Power  put  in,  minus  friction  =  work  got  out 

pd  =  ws. 
130.  Hydrostatio  Pren. — This  depends  upon  Pascal's  prin- 
ciple that  fluids  transmit  pressure  equally  in  all  directions, 
and  was  one  of  the  first  and  most 
famous  applications  of  that  prin- 
ciple.    If  a  pressure  of  100  kilo- 
grams be  exerted  upon  a  small 
piston  (Fig.  71)  having  a  cross- 
section  of  1  square  centimetre, 
and  if  the  large  piston  P  have  a 
cross-section  of  80  square  centi- 
metres, it  ia  clear  that  the  up- 
ward pressure  exerted  on  P  will 
be   80  X  100  =  8,000   kilograms. 
Flo.  71.  The  hydrostatic  press  gives  us  a 
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means  of  exerting  enormous  pressores  vith  comparatiTely 
sm&ll  forces.  It  must  be  remembered,  however,  that  the 
principle  of  work  cornea  in — that  is,  rirtnal  velocities, 
pd=ws,  and  that  what  we  gain  in  force  we  lose  in  space. 
In  the  present  example  P  exerts  a  pressure  eighty  times  aa 
great  as  the  pressure  acting  on  p,  bat  it  only  moves  through 
one  eightieth  of  the  distance  that  p  does.  The  press  is 
used  in  some  form  in  nearly  every  large  engineering  and 
industrial  operation.  It  is  also  used  to  compress  cotton, 
hay,  and  other  substances,  to  extract  the  oil  from  seed,  and 
to  perform  many  other  useful  and  Herculean  labors. 
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AFPLICATIOirS  or  PRINCIPLES  QT  rhJJID  PRSSSURE 

131.  Tlie  Dennty  of  Kilk. — Cream  is  lighter  thao  milk ; 
for  this  reason  it  floats  upon  the  top  of  the  milk.  Skimmed 
milk  is  therefore  heavier  than  vhole  milk,  and  it  is  evident 
that  whole  milk  coming  from  different 
cows,  and  from  the  same  cow  at  differ- 
ent times,  mast  differ  in  specific  grav- 
ity as  the  proportion  of  cream  varies. 
The  lactometer  is  an  iaatrument  for 
determining  approximately  the  amouut 
of  cream  in  the  milk  by  taking  its  spe- 
cific gravity,  which  in  fairly  good  milk 
ought  to  be  aboQt  1.033.  It  will  be 
noticed  that  water*  is  also  lighter  than 
milk,  so  that  it  is  possihle  for  the  milk- 
man to  rob  the  cream  from  the  milk 
and  then  restore  it  to  ite  proper  spe- 
cific gravity  by  adding  water.  This 
fraud  must  be  detected  by  the  intelli- 
gence of  the  customer  acting  together 
with  the  lactometer. 

13%.  The  Bottle  Imp,  or  Cartealaii 
SiTer. — Many  historic  pieces  of  appa- 
ratus which  were  for  years  the  idols 
of  physical  muBeiims,  but  which  have 
rather  fallen  into  disfavor  because  they  served  no  better 
purpose  than  to  mystify  pupils,  may  be  made  interesting 
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and  properly  instructive  when  osed  as  a  means  of  corre- 
lating principles  which  are  thoroughly  understood,  'fhe 
bottle  imp,  or  Cartesian  diver  (Fig,  78),  always  has  an  air 
chamber,  sometimes  coacealed,  within  the  body.  This  cham- 
ber contains  just  enough  air  to  float  the  ob- 
^^  ject.     The  chamber  communicates  with  the 

^jC  water  outside  by  a  very  narrow  passage.     If 

^^^E^k  any  extra  pressure  is  exerted  upon  the  water 
^^^H^ft  some  of  it  is  forced  into  the  chamber  con- 
^^Kt^^^  densing  the  air.  The  buoyant  force  js  thus 
decreased  and  the  object  sinks.  When  the 
pressure  is  removed  the  air  expands  again, 
and  the  object  rises. 

133.  Ibgdehnrg;  Hemiipherea, — The  pres- 
sure of  the  air  is  strikingly  iUnstrated  by 
the  apparatus  (Fig.  73)  invented  by  Otto 
von  Guericke,  burgomaster  of  Magdeburg. 
The  hemispheres  should  be  made  to  fit  to- 
gether air-tight  by  smearing  vaseline  around  the  edges- 
Ordinarily  they  separate  with  perfect  ease,  but  when  the 
air  has  been  exhausted  from  within  they  are  held  together 
by  a  pressure  of  fifteen  pounds  per  square  inch ;  and  if 
their  diameter  is  about  four  inches  it  ifill  require  a  pull 
of  nearly  two  hundred  pounds  to  separate  them. 

1.14.  The  Relation  of  Tendon  and  Preamre. — It  is  helpful 
to  think  of  the  air  in  a  bottle  as  a  coiled  spring  (Fig.  74). 
If  a  weight  of  fifteen  pounds  restsupon  the  spring  its  ten- 
sion is  fifteen  pounds.  By 
this  we  mean  the  force 
with  which  it  tends  to  ex- 
pand. If  now  the  weight 
be  reduced  to  ten  pounds 
the  spring  will  expand  un- 
til its  tension  is  ten  pounds. 
If  the  weight  be  reduced  ■■ 
to  five  pounds  the  spring 
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will  expand  nntil  its  tension  is  only  five  pounds,  eto.  The 
tension  mnst  always  eqoal  the  preasore  in  order  that  there 
may  be  eqnilibrinm.  The  air  acts  like  this  spring,  but  it  dif- 
fers in  that  it  is  indefinitely  expansible.  We  may  think  of  air 
in  a  bottle  as  being  condensed  in  there  under  a  pressnre  of 
fifteen  ponnds  per  sqoare  inch.  Its  tension  or  outward  posh 
upon  the  walls  of  the  bottle  is  thus  fifteen  pounds  per  square 
inch.  If  the  pressure  be  reduced,  one  half  the  air  will  ex- 
pand until  half  of  it  has  been  poshed  out  of  the  bottle. 
(See  Boyle's  Law,  134.)  Its  tension  will  then  be  only  eeren 
and  a  half  pounds  per  square  inch,  etc. 

135.  Bwohos  niurtratlim. — This  relation  of  tension  and 
pressure  is  well  illustrated  by  the  apparatus  which  used 
to  be  called  Bacchus  illustration  (Fig.  75).  The  tension  of 
the  air  in  the  upper  part  of  the  bottle  is,  say,  fifteen 
pounds  per  square  inch.  Thb  would  push  the 
water  out  of  the  curved  tube  if  the  atmospheric 
pressure  from  without  did  not  balance  it.  U  now 
we  place  this  bottle  under  a  receiver  and  reduce 
the  atmospheric  pressure,,  or  if  it  were  carried  up 

in  a  balloon  into  reduced  atmospheric  pressure,  the  tension 
of  the  air  within  would  drive  out  a  stream  of  water.  If  by 
any  means  the  tension  of  the  air  within  is  reduced,  or  the 
pressure  of  the  air  outside  is  increased,  water  passes  into 
the  bottle. 

136.  "Siphon"  Bottle^  lire  Extingoiihen,  Compretted- 
aix  Xotors,  and  Ezplonvea. — It  is  manifest  that  the  so- 
called  "siphon"  bottles  depend  upon  gas  compressed 
within  so  as  to  have  a  much  greater  tension  than  fifteen 
pounds  per  square  inch  to  drive  out  the  liquid.  This  gas 
is  carbon  dioxide,  and  the  pressure  is  frequently  140 
ponnds  per  square  inch.  Many  kinds  of  fire  extinguishes 
illastrate  this  same  principle.  Some  depend  upon  air  com- 
pressed within  them  to  throw  the  liquid  upon  the  fire. 
Ammonium  carbonate  dissolved  in  water  makes  a  very 
good  liqoid  for  this  purpose.     Others  depend  upon  carbon- 
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dioxide  gas  generated  at  the  right  moment  within  the 
apparatus  to  supply  the  teneion  vhich  shall  throw  this 
stream. 

Air  guns  and  all  the  variouB  forms  of  compressed-air 
motors  operate  by  the  difference  between  the  tension  of  the 
air  from  within  and  the  pressure  of  the  air  from  without. 
For  example,  if  a  cylinder  with  the  capacity  of  two  cubic 
feet  has  forty  cubic  feet  of  air  compressed  within  it,  its  ten- 
sion, according  to  Boyle's  Law,  will  be  300  pounds  per 
square  inch.  This  operating  against  an  atmospheric  pres- 
sure of  fifteen  pounds  per  square  inch  would  give  a  working 
force  of  S86  pounds  per  square  inch. 

All  guns  operate  by  the  same  principle  as  air  guns — that 
is,  the  force  which  projects  the  bullet  is  the  tension  of 
greatly  compressed  gases.  The  explosives  nsed  generate  a 
large  volume  of  gases  in  a  confined  space. 

137.  SiTlng  Belli  and  Caiauni. — Diving  bells  have  a  ten- 
fiion  of  air  within  equal  to  the  presBore  of  both  water  and 
atmosphere  from  without.  The  same  principle  is  illustrated 
in  the  use  of  caissons  for  laying  foundations  under  water. 
Tunnels  are  built  through  the  mud  under  rivers,  the  work- 
men operating  through  holes  in  a  huge  steel  cylinder,  the 
tension  of  the  air  within  being  made  sufficiently  great  to 
balance  the  pressure  of  mud,  water,  and  atmosphere  from 
without.  This  balance  was  so  nicely  adjusted  in  the  work 
on  the  Hudson  River  Tunnel  that  the  tension  of  the  air 
within  was  continually  changed  to  correspond  with  the 
varying  water  pressure  due  to  the  rise  and  fall  of  the  tide 
in  the  river. 

138.  The  Eardrum.— The  inner  chamber  of  the  ear,  like 
all  other  cavities  of  the  body,  is  filled  with  air,  or  gases, 
having  a  tension  equal  to  atmospheric  pressure.  In  order 
that  the  membrane  which  is  stretched  across  the  tube  be 
free  from  atresa,  the  volume  of  the  inside  air  must  remain 
constant,  and  this  can  be  done  only  by  having  its  tension 
vary  according  to  changes  of  atmospheric  pressure.     This 
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IB  accompliBhed  by  the  Enstachiaa  tabe,  wbich  commaQi- 
cat68  between  the  throat  and  the  inaer  chamber  of  the  ear. 
When  atmospheric  pressure  iDcreaees,  air  is  forced  in 
through  this  SeBhy  tube  until  the  tension  within  equals 
the  pressure  from  without.  When  atmospheric  pressure 
decreases,  air  passes  out  by  the  same  channel.  "  A  cold  in 
the  head "  sometimes  clogs  this  channel ;  then  we  experi- 
ence disagreeable  sensations  about  the  ears,  caused  by  the 
sagging  in  or  bulging  out  of  the  membrane  of  the  ear,  due 
to  inequality  between  the  tension  within  and  atmoapherio 
preesore  without. 

Persons  who  are  about  to  pass  into  a  caisson  are  advised 
to  try  to  force  air  out  of  their  lungs  while  holding  the  nose 
aod  mouth  closed.  Why  ?  Try  it  under  ordinary  atmos- 
pheric conditions,  and  explain  the  physical  cause  of  the 
peculiar  sensation  in  the  ear.  Persons  about  to  come  out  of 
a  caisson  are  advised  to  close  the  mouth  and  hold  the  nose 
shut,  and  perform  the  act  of  swallowing.  Why  P  TVy  thia 
also  under  ordinary  atmospheric  conditions,  and  explain 
the  physical  cause  of  the  peculiar  sensation  in  the  ear.  It 
will  be  a  more  striking  experiment  if  you  swallow  a  mouth- 
fal  of  water  or  of  food.  Did  you  ever  have  a  similar  sensa- 
tion daring  eating,  while  suffering  from  a  "cold  in  the 
head"? 

139.  The  PhTDoa  of  Bespiratioii. — A  similar  adjustment 
of  tension  to  pressure  is  made  in  the  act  of  breathing.  By 
the  contraction  of  certain  muscles  we  are  able  to  force  the 
ribs  npward  and  outward,  and  to  depress  the  diaphragm. 
This  enlargement  of  the  chest  cavity  would  produce  a 
reduced  tension  of  the  gases  within,  if  atmospheric  pres- 
Bnre  did  not  maintain  the  balance  by  pushing  more  air 
in,  and  thus  inflating  the  lungs.  By  the  contraction  of 
certain  other  muscles  we  are  able  to  contract  the  chest 
cavity.  This  would  result  in  increased  tension  of  the  gases 
within,  if  they  did  not  Sow  out  at  a  rate  to  maintain  the 
balance, 
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140.  Sow  Atmo^herio  Preanin  upon  the  Human  Body  ii 
tDstained. — From  this  discuBsion  it  is  manifest  that  the 
story  is  onlj  half  told  when  one  speaka  of  the  enonnous 
pressure  of  thouBands  of  poande  which  the  atmosphere 
exerts  npon  the  hnman  body.  The  other  half,  which 
should  be  coupled  with  this  statement,  is  that  all  the  tis- 
sues of  the  body  are  permeated  by  gases  which  have  a  ten- 
sion exactly  equal  and  opposite  to  the  atmospheric  pressure ; 

and  that  while  the  communica- 
tion between  all  bodily  cavities 
is  not  as  free  as  in  the  cases  of 
lungs  and  eardrum,  there  is  a 
somewhat  slower  communica- 
tion by  the  process  of  osmose,  by 
which  the  balance  between  ten- 
sion from  within  and  pressure 
from  without  is  always  main- 
taiDed.  As  might  be  expected, 
sudden  and  great  changes  in 
pressure,  as  one  who  goes  up  in 
a  balloon  experiences,  occasion 
painful  sensations  before  the  in- 
ternal tension  has  had  time  to 
adjust  itself.  The  tissues  of  the 
body  in  ordinary  circumstances 
are  under  no  more  stress  from 
atmospheric  presaure  than  avery 
^"'-  ™-  thin  glass  flask  or  a  delicate  tis- 

sue-paper hag  whose  mouths  are  open.     Manifestly  these 
are  not  enduring  great  stress  from  atmospheric  pressure. 

141.  "The  Fountain  in  Vacuo." — The  apparatus  illus- 
trated in  Fig.  76  shows  again  the  relation  of  tension  and 
pressure.  If  the  tension  of  the  air  or  any  other  gas  inside 
the  bottle  be  reduced  by  the  action  of  a  pump,  or  the 
contraction  of  the  gas  by  cold,  or  the  absorption  of  some 
of  the  gas  by  a  substance  introduced  for  that  purpose,  at- 
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moBpheric  pressure  from  without  will  force  the  water  in 
the  lower  reeael  to  rise  until  the  volnme  of  the  gas  inside 
shall  be  reduced  so  that  ita  tension  may<equal  the  pressure 
npon  it.  Manifestly  the  water  which 
enters  the  bottle  ia  very  nearly  a  meas- 
nre  of  the  amount  of  air  removed. 

142.  Pumps. — It  goes  without  say- 
ing that  pumps  hare  to  deal  with  both 
classes  of  fluids—Iiqnids  and  gasea. 
yfe  may  take  water  pumps  and  air 
pumps  as  the  two  types.  Both  involve 
the  same  principle,  but  there  are  dif- 
ferences in  form  and  construction  that 
deserve  notice.  The  most  common 
form  of  water  pump  is  the  eo-called 
cucumber  p»unp,  in  which  the  pipe 
leading  down  into  the  weU  is  simply  a 
hollow  length  of  cucumber  wood.  The 
rod  attached  to  the  pump  handle  has 
a  piston  at  its  lower  end  provided  with 
a  valve  («)  opening  upward  {Fig.  77). 
At  a  given  point  somewhat  below  the 
lowest  possible  position  of  the  moving 
piston,  there  is  a  valve  (b)  also  capable 
of  opening  in  an  upward   direction  ^yi 

only.  The  valves  are  the  essential  _ 
part  about  such  a  pump.  The  action 
ie  very  simple.  When  the  pump  is  at  rest, both  valves  a 
and  b  are  closed  by  their  own  weight.  Imagine  a  down- 
stroke  of  the  pump  rod.  The  chamber  A  is  filled  with  air, 
which  opens  the  valve  a  and  escapes.  Now  picture  an  up- 
stroke. The  valve  a  closes,  and  as  the  piston  rises,  increas- 
ing the  volume  of  the  space  in  the  chamber  between  the 
two  valves,  the  tension  of  the  air  in  this  chamber  is  reduced. 
Atmospheric  pressure,  being  no  longer  balanced,  presses  to 
enter.     The  only  entrance  into  the  chamber  from  without 


is  bj  the  lower  gateway  b,  and  if  the  lower  end  of  the  pamp 
tabe  dipa  into  water  the  air  will  drive  the  water  before  it 
BO  long  as  its  weight  is  less  than  the  pressure  to  he  exerted 
by  the  air.  When  enoagh  air  from  the  lower  tube  has  been 
pnahed  up  throagb  b  t«  make  the  tension  in  the  chamber 
equal  to  the  atmospheric  pressure,  minus  the  preasare  of 
the  column  of  water  which  now  stands  part  way  up  the 
lower  tube,  equilibrium  is  again  restored.  The  next  down- 
and  np-strokes  repeat  the  operation  until  all  the  air  in  £  is 
exhausted,  and  water  begins  to  pass  through  the  valres. 
The  water  that  passes  a  is  lifted  bodily  by  the  upgoing 
piston  and  escapes  from  the  spout.  It  is  plain  that  B  must 
not  exceed  about  thirty  feet  in  length,  or  the  pressure  of 
the  atmosphere  will  not  support  tho  column  of  water,  and 
all  our  pumping  would  be  in  vain. 

These  cucumber  pumps  are  used  in  every  village  and  on 
nearly  every  farm.  The  pump  has  many  other  forms,  but 
the  principle  remains  the  same.  The  pump  is  frequently 
made  of  iron,  and  in  large  operations  is  run  by  steam. 

143.  "Force"  Pnmp.— The  water  thrown  out  by  such  a 
pump  as  has  been  described  above  falls  in  intermittent 
streams.  The  more  rap- 
idly the  pump  is  oper- 
ated, the  leas  noticeable 
the  inequality  of  the 
stream.  It  is  possible, 
however,  to  slightly  al- 
ter the  constmction  of 
the  pump,  and  make  the 
stream  of  water  reason- 
ably constant.  This  is 
accomplished  in  the  so- 
called  force  pump  (Fig. 
78).  As  before,  there  are  two  valves;  one  (S)  opening  up- 
ward into  the  chamber  below  the  piston,  and  the  other  (a) 
opening  out  of  the  chamber  into  the  delivery  pipe.     This 
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latter  pipe  does  not,  hovever,  simply  terminate  in  a  apout. 
It  has  connected  with  it  an  air  chamber.  Fictnre  an  np- 
stroke :  I  opens  and  water  rushes  ap  into  the  chamber  below 
the  piston.     Now,  a  down-stroke:   b  closes  and  a  opens. 


Fio,  79.— Double-acting  pamp. 

"Water  passes  to  the  air  chamber,  and  thence  ont  of  the 
delivery  tube.  The  end  of  the  delivery  tube  is  conetricted 
by  a  nozzle.  This  offers  resistance  to  the  flow  of  the  liquid, 
and  as  a  result  the  air  in  the  air  chamber  is  compreased, 
and  continues  to  force  water  out  of  the  delivery  tube  dur- 
ing the  next  np-stroke  of  the  piston  rod.  The  next  down- 
stroke  again  opens  a  and  forces  water  into  the  air  chamber 
and  into  the  delivery  tube  beyond.  This  secures  a  continu- 
ous and  fairly  constant  stream  of  water. 

Double  Ptmpa. — It  is  nsual  in  the  steam  pumps  to  have 
the  piston  double-acting.     In  this  case  the  piston  is  com- 


Fio.  T9o.— Typical  vaV 


monly  horizontal,  as  shown  in  Fig.  79,  and  at  each  stroke 
of  the  piston  water  is  drawn  into  one  end  of  the  piston 
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chamber  and  forced  out  at  the  other  end.     In  this  waj  the 
stream  of  water  is  conti&uoaB. 

144.  Air  Pampa. — The  air  pump  serree  a  doable  purpose 
— to  exhanst  the  air  in  a  given  receiver,  and  to  famish 
a  steady  stream  of 
air,  just  as  the  force 
pump  does  of  wa- 
ter. The  term  air 
pump  is  usually  re- 
served for  instru- 
ments of  the  first 
class,  while  air  com- 
pressor and  blow- 
ing engine  are  used 
for  the  latter.  In 
the  ordinary  air 
pump  (Figs.  80  and 
81}  the  valves  are 

gust   the   same    as  mi_a- 

those  in  the  water 

pump.  The  receiver  to  be  pumped  out  is  commonly  a  glass 
bell  jar  resting  on  a  carefully 
ground  brass  plate,  from  the 
center  of  which  a  tube  passes 
to  the  cylinder  of  the  pump. 
The  valve  (b)  at  the  end  of 
this  tube  opens  into  the  cylin- 
der. A  second  valve  (a),  often 
for  convenience  located  in  the 
piston  itself,  opens  from  the 
cylinder  into  the  atmosphere. 
At  every  up-stroke  the  air  in 
the  receiver  expands  into  the 
cylinder;  at  every  down-stroke 
J  closes,  and  the  air  in  the  cylinder  passes  through  a  into 
the  outer  atmosphere.     It  is  impossible  in  this  way  to  get  a 
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perfect  Tacaam  in  the  receiver,  for  finally  the  residual  air 
has  not  tension  enough  to  open  the  valve  i.    It  is  also 
impoeaible,  theoretically,  since  any  process  which  removes  a 
fractional  part  of  air  then  in  the  receiver  must  atvays  leave 
a  residue  of  air.     A  small  pressure  gauge  constructed  on 
the  same  principle  as  the  manometer  shows  exactly  the 
amount  of  residual  pressure— usually  only  a  few  millimetres 
of  mercury.     For  most  purposes  the  air  pump  is  perfect 
enough,  and  allows  many  interesting  experi- 
ments—such  as  removing  the  air  from  the 
Magdeburg  hemispheres,  from  the  apparatus 
known  as  the  "Fountain  in  Vacuo,"  etc.  •  :mo^     | 

lis.  The  Ibzcnry  Air  Pump  (Fig.  88).— 
This  is  constructed  on  the  principle  of  the 
barometer,  and  what  we  get  is  really  a  Torri- 
cellian vacuum.  As  the  pellets  of  mercury 
fall  down  the  tube  they  form  little  air-tight 
pistons ;  but  gravity  being  a  constantly  accel- 
erating force  tends  to  make  these  pellets  go 
faster  and  faster.  CoDsequently,  they  get 
separated  by  small  vacuous  spaces,  and  as 
these  pass  the  opening  a  into  the  receiver, 
the  air  in  the  receiver  expands  and  fills  these 
spaces.  In  this  way  the  air  in  the  receiver 
becomes  more  and  more  rarefied,  and  as  there 
are  no  valves  to  be  opened  the  exhaustion  can 
be  carried  to  a  high  degree  of  perfection,  'cd'itpu^^ 
The  residual  pressure  is  shovm  at  any  time 
by  subtracting  the  height  of  the  column  of  mercury,  ic, 
from  the  barometric  height.  If  these  columns  were  equal 
it  would  indicate  a  perfect  vacuum. 

146.  The  Water  Xxhaurt  (Fig.  83).— In  the  laboratory  it 
often  happens  that  we  want  an  exhaust  at  hand  without  our- 
selves doing  the  pumping.  Banning  water  permits  such  an 
exhaust  with  the  least  inconvenieuce.  The  principle  is  simi- 
lar to  that  of  the  mercury  pump,  but  we  give  the  water  as 

Cioogic 


132  PH7SICS 

great  velocity  as  possible  by  making  it  escape  through  a 
tapering  nozzle.  In  this  way  the  water  carries  part  of  the 
sir  away  with  it,  and  produces  a  partial  vacuum. 

147.  Air  OompreMora  and  Blowing  EngiuM, — By  reversing 
the  valves  in  the  asual  t3rpe  of  air  pump,  we  have  a  pump  for 
compresBing  air  (Fig.  84).     Each  down-stroke  of  the  piston 
closes  the  valve  a,  compresses  the  air  in  the 
cylinder,  opens  the  valve  5,  and 
into  the  compreased-air  receiver, 
that  this  simple  instrument  maj 
three  purposes :  I.  It  may  be  us 
the  receiver  A.     3.   It 
may  be  used  to  condense 
gas  in  the   receiver  B.  *""* 
3.   It  may  be  used  for 
transferring  gas  from  one  receii 

There  are  many  modificationE 
and  many  practical  application! 
bicycle  pump,  pump  for  the  i 
brake  in  use  on  all  modem  train 
pressed  illuminating  gas  used  in 
cars,  for  testing  the  gas  pipes  in ' 
producing  sprays  in  medical  trea 
on.    The  most  important  applice 


148.  Siphoni. — The  siphon  is  a  verj  simple  device  for 
transferring  fluids  from  one  level  to  a  lower  level  over  an  in- 
tervening obstacle.  Siphons  depend  for  their  action  upon 
two  principles — the  presBure  of  the  atmosphere  and  the 
tendency  of  all  fluids  to  seek  their  own  level.  They  will 
not  work  in  a  vacuum,  and  they  will  not  raise  fluids  to  a 
height  greater  than  that  of  a  barometer  filled  with  the 
fluid  in  question — that  is,  70  centimetres  in  the  case  of 
mercury,  or  1,033  centimetres  in  the  case  of  water. 

Let  UB  analyze  the  simplest  form  of  Biphon,  a  U-shaped 
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tube  of  glass  with  one  leg  longer  than  the 

other.    Suppose  it  to  be  in  operation,  trans- 
ferring vater  from  the  level  bio  the  level  c 

over  the  intervening  obstacle,  represented 

by  the  vail  of  the  vessel  (Fig.  85).     The 

fttmoBpbere  acts  on  the  surface  of  water  in 

both  vessels  with  an  equal  pressure,  which 

we  may  represent  as  h.    There  is  also  at 

the  level  c  in  the  lower  vessel  a  dovrnward 

pressure  of  a  column  of  water  of  height  a  c, 

and  further,  at  the  level  b,  in  the  upper 

vessel,  a  downward  pressure 

of  a  column  of  water,  a  b. 

The  downward  pressure  i 

the  longer  leg  of  the  siphon 

therefore  exceeds  the  down- 
ward pressure  in  the  shorter  leg  by  the 

weight  of  a  column  of  water,  b  c.     Water 

consequently  flows  over  the   arch  of  the 

aipbon  and  into  the  lower  vessel,  and  con- 
tinues to  flow  either  until  the  upper  vessel 

is  emptied  or  the  level  of  water  is  the  same 
in  both  vessels.     Ap- 
parently   the    atmos- 
phere has  nothing  to       Pio-  84.— Com- 
do  with  it,  but  imagine  p"®™""- 

for  a  moment  the  absence  of  atmos- 
phere. The  only  force  being  gravity, 
the  water  would  flow  down  in  both  legs 
of  the  siphon,  and  we  should  simply 
have  a  vacuum  in  the  tube.  Or,  imag- 
ine an  atmosphere,  and  make  ab  id 
feet.  Suppose  the  siphon  completely 
filled  with  water  and  free  to  act.  At 
once  the  water  would  separate  in  the  arch  of  the  siphon 
and  eink  to  a  height  of  about  34  feet  in  each  of  the  legs. 


Fio.  85— Siphon. 
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There  would  be  a  barometric  vacnam  in  the  arch  and  no 
flow  of  water  whatever. 

A  piece  of  rubber  hose  eompleteiy  filled  with  water  and 
dipping  under  the  Bnrface  of  water  in  two  vessels  at  dif- 
ferent levels  often  serves  as  a  convenient  siphon,  and  ia 
somewhat  easier  to  fill  and  start  than  a  rigid  glass  tube. 

Atpirating  Siphon  (Fig.  86).— The  difficult;  of  filling 
and  starting  the  plain  glass  siphon  is  so  considerable,  and 
especially  in  the  case  of  sulphuric  acid  and  other  chem- 
icals not  to  be  freely  handled,  that  a  modification  of  the 
instrument  has  been  de- 
vised known  as  the  aspi- 
rating siphon.  In  this  a 
second  tube  leads  upward 
from  near  the  bottom  of 
the  longer  leg,  and  after 
swelling  into  a  little  bulb 
near  the  top  is  turned  at 
right  angles  and  formed 
into  a  mouthpiece.  To 
start  the  siphon  the  short, 
er  leg  is  dipped  into  the 
liquid  in  the  upper  vea- 
sel  and  the  longer  leg 
is  closed  either  by  the 
thumb,  if  the  liquid  be 
harmless,  or  by  a  stop- 
cock if  harmful.  The 
mouth  is  then  applied  to 

the  mouthpiece  and  the 
Fio.  sa,— Aspinitmg  siphon.  .  i     j        .     *  ..      , 

air  sucked  out  of  the  two 
tubes.  The  liquid  rushes  over  and  fills  both  tubes.  The 
bulb  is  intended  to  show  the  operator  more  plainly  when 
the  liquid  is  getting  dangerously  near  his  mouth.  The 
suction  ia  stopped  and  the  longer  leg  of  the  siphon  is 
opened.     The  liquid  flows  over  as  in  the  plain  siphon,  and 
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the  aspirator  has  no  farther  influence.  Great  care  mnat 
he  taken  not  to  get  acid  or  other  dangerons  chemicals  into 
the  mouth. 

Fountain  Siphon  (Fig.  87). — The  siphon  may  be  given 
a  multitude  of  forms,  and  may  be  very  IngenioiiBly  modi- 
fied.    A  very  pretty  form  is  the 
fountain  siphon.     A  round-hottom 
Florence  Saek  ia  fitted  with  a  doubly 
perforated  rubber  stopper,  and  is 
supported  in  an  inverted  position. 
A  straight  glass  tube  passes  through 
one  of  the  perforations  (preferably 
in  the  middle  of  the  stopper)  and 
ends  inside  the  flask  in  a  fine  jet. 
A  second  tube  passes  through  the 
other  perforation,  and  with  the  ad- 
dition of  a  rubber  hose  forms,  the 
long  leg  of  the  siphon.     It  ig  easy 
to  start  the  fountain  by  having  a 
little  water  in  the  flask  before  it  is 
stoppered.     When  the  flask  is  in- 
verted the  water  runs  out  the  open 
tube  into  the  hose,  and  at  once  the 
fountain  begins  to  play.     If  the  diilerence  of  level  in  the 
two  vessels  ia  considerable  the  water  riaes  in  a  single  thread 
and  strikes  against  the  walls  of  the  flask  with  no  little 
force. 

119.  Siphoning  Oaaea. — It  is  quite  as  possible  to  aiphon 
gases  aa  liquids.  If  the  gases  are  heavier  than  air  we  do  it 
right  side  up ;  if  lighter  than  air  we  do  it  upside  down.  Let 
ne  take  two  large  battery  jars  (Fig.  88)  and  fill  the  upper  one 
with  carhon-dioxide  gas  (COj),  sp.  gr.  =  1.56.  This  gas  can 
easily  be  made  hy  placing  fragments  of  marble  (CaCO^)  in  a 
gas-generating  flask  with  a  little  water,  and  adding  hydro- 
chloric acid  (HCl)  through  the  thistle  tube.  COs  ia  given 
off  copiously,  and  by  means  of  a  rubber  hose  may  he  con- 
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ducted  into  the  upp* 
inviBible,  but  it  extii 
and  so  a  barning  m 
when  the  jar  is  full, 
is  placed  in  the  lowe 
means  of  the  aspirati 
or  a  bit  of  rubber  tn 
a  stream  of   COi  is 
made   to   pass   over 
the  upper  jar.    The 
gas    stream    is,    of 
course,       invisible, 
but  it   will  be   no- 
ticed that  the  can- 
dle burns  less  and 
Ie88   brightly,    and 
finally  flickers  and 
goes  quite  out. 

In  the  case  of  light 
.069,  both  the  gas  jars  and 


like  hydrogen  (H),  sp.  gr.  = 
the  siphon  are  inverted,  and  the 
the  lower  to  the  higher  jar, 
ig  of  the  experiment  the  lower 
th  H,  the  upper  jar  with  air. 
At  the  end  the  H  is  in  the 
upper  jar.     It,  too,  is  invisi- 
ble, but  its  presence  can  be 
shown  by  applying  the  open 
end  of  the  jar  to  a  Same. 
A    considerable    explosion 
announces  a  mixture  of  H 
and  air. 

150.  Hero's  Fountain 
{Fig.  90).— This  bit  of  clas- 
sical apparatus,  invented  by 
Hero  of  Alexandria,  120 
B.  c,  deserves  notice  as  an 


PBINCIPLES  OP  PLTJID  PRBSSURH 


18T 


interesting  case  of  transmitted  pressures.     In  Btarting  the 
experiment  M  shonld  be  nearly  full  and  N  nearly  empty 
of  water.     There  must  also  be  some  water  in  the  pool  D. 
The  column  of  water  from  the  pool  to  the  lower  globe 
exerts  a  pressure  upon  the  air  in  that  globe  which  is  trans- 
mitted through  the  tube  to  the  air  in  the 
upper  globe  and  forces  the  water  out  in  a 
jet.     It  is  sometimes  used  for  cologne  foun- 
tains, and  the  liquid  can  be 

used  over  and  over  again  by 

pouring  it  back  from  Nio 

M  each  time  it  runs  down. 

A  cheaper  form  is  shown  in 

Fig.  91.     It  cau  be  made 

out  of  three  bottles  and  a 

little  tubing. 

151.  Teniion  iuaide  the 

Barometer  Tnbe.  —  If  the 

space  in  the  npper  end  of 

the  barometer  is  a  vacuum 

there  is  no  tension  there, 

and  it  is  manifest  that  the 

walls  of  the  tube  must  auB- 

tain  in  that  part  the  whole 

atmospheric  pressure  of  fif- 
teen   pounds     per    square 

inch.    If  this  portion  of  the 

tube  were  made  of  rubber, 

its  sides  would  collapse  un- 
der the  pressure.     How  is 
'""""""'  it  with  other  portions  of  the  "*"  *  " 

tube  ?  In  the  lower  end  of  the  tube,  at  the  level  of  the  mer- 
cury in  the  cistern,  the  outward  pressure  of  the  column  of 
thirty  inches  of  mercury  must  be  equal  to  the  inward  pres- 
Bure  of  the  atmosphere.  Here  the  tube  might  be  made  of 
the  tbiimeBt  rubber  and  neither  expand  outward  nor  coo- 
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tract  inward.  Halfway  up  the  tube  the  preseure  from  with- 
oat  ia  atill  that  of  an  atmosphere,  while  the  presBure  from 
within  is  that  of  half  an  atmosphere —fif- 
teen inches  of  mercury.  So  it  appears 
that  while  the  preasure  from  without  is 
fifteen  pounds  per  square  inch  throughout 
the  whole  length  of  the  tube,  the  pres- 
sure from  within  varies  all  the  way  from 
fifteen  pounds  at  the  lower  end  to  zero 
at  the  upper  end.  A  water  barometer 
"""  may  be  made  of  rubber  tubing  with  a 

closed  glass  tube  in  the  upper  end,  but  it  needs  to  be  the 
thick-walled  Bunsen  pressure  tubing  to  prevent  its  sides 
from  collapsing.     If  a  pin-prick  is  made  an}rwhere  along 
the  side  of  this  tube,  water  does  not  leak  out,  but  air  leaks 
in.     A  water  barometer  must  not  be  expected 
to  stand  thirteen  and  six  tenths  as  high  as  the 
mercury  barometer,  although  from  considera- 
tion ot  specific  gravity  alone  we  might  expect 
that.     The  tension  of  water  vapor  in  the  upper 
end  of  the  tube  depresses  the  column  somewhat. 
153.  The  Inverted  Tumbler  of  Water.— From 
the  above  discussion  of  tension  inside  the  ba- 
rometer tube  we  naturally  find  an  explanation 
for  the  time-honored  experiment  of  the  inverted 
tumbler  of  water  (Fig.  92).     The  upward  pr^- 
sure  of  the  air  upon  the  paper  which  covers  the 
mouth   of  the  tumbler  is  fifteen  pounds  per 
square  inch,  while  the  downward  pressure  is 
merely  the  weight  of  the  water  so  long  as  no 
air  gets  in  to  produce  an  interna)  tension.    The 
experiment  may  even  be  performed  by  putting       ^    ^ 
mosquito  netting  over  a  wide-mouth  bottle  full       p^^,  gg^ 
of  water,  and  it  need  not  he  tied  or  held  in 
place ;  atmospheric  pressure  will  do  that.     Medicine  drop- 
pers, students'  lamps,  fountain  ink  wells,  fountain  sponge 


PRINCIPLES  OP  PLUID  PRESSURE  139 

cups,  etc.,  all  hold  their  liquids  because  atmospheric  pres- 
sure from  without  is  greater  than  the  tension  from  within. 

163.  The  Speoiflo  Oravity  of  Liqnida  meunred  by  bal- 
anciii^  them  againit  Atmoipheiio  PreMare.^Fig.  93  illus- 
trates a  simple  way  of  finding  the  specific  gravity  of  liquids. 
One  tube  dips  into  a  vial  of  water  and  the  other  into  a  vial 
of  liqnid  whose  specific  gravity  is  to  be  found.     Wheb  a 
person  applies  his  month  to  the  tube  e  and  reduces  a  little 
the  tension  of  the  air  in  the  tubes,  the  atmospheric  pressure 
forces  each  liquid  up  its  respective  tube,  and  by  comparing 
the  length  of  the  columns  it  is  possible  to  obtain  the  rela- 
tive weights.    It  is  manifest  that  the  col- 
umn of  liquid  c  d  muBt  have  the  same 
weight  as  the  column  of  water  a  b,  since 
the  weight  of  each  column  of  liquid  must 
be  equal  to  the  pressure  of  the  air  from 
without  minus  the  tension 
within.      From    this    we 
sbonld  find  that  a  column 
of  water  eight  inches  long 
balances  a  column  of  alco- 
hol about  ten  inches  long. 

154.  Fluids  in  MotioiL— 
It  is  to  he  noted  that  in 
ftll  our  study  of  fluids  thus 
far  we  have  considered 
them  in  a  state  of  rest,  and 

thus  the  elements  of  fric-  ^°-  **'  *"'"■  *■ 

tion  and  momentum  have  not  complicated  our  problems. 
In  the  apparatus  illustrated  in  Fig.  94  the  water  in  the  tube 
stands  at  the  same  level  as  the  water  in  the  reservoir,  but 
Fig.  95  illnstrates  the  fact  that  the  water  will  not  flow  in 
a  fountain  to  the  same  level.  Friction  in  the  tube,  the 
resistance  of  the  air,  and  the  interference  of  the  falling 
drops  of  water,  all  act  to  prevent  this.  If  the  water  in  a 
system  of  city  water  works  were  absolutely  at  rest  it  would 
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riae  in  a  honse  pipe  ae  high  aa  the  level  of  the  water  in  the 
reservoir ;  but  the  fact  that  the  water  is  flowing  continually 
through  the  pipes  to  supply  so  many  faucets  during  the 
daytime  prevents  ita  rising  to  the  upper  stories  of  many  of 
the  houses  in  large  cities,  althongh  the  reservoir  may  be 
far  above  them.  At  night  when  less  water  is  used  it  may 
rise  even  to  tanks  upon  the  roofs  of  these  same  houses. 

Water  wheels  and  wiodmills  are  run  by  the  momentum 
of  the  moving  fluids  rather  than  the  pressure  of  those  fluids 
at  rest.     The  word  hydrostatic  refers 
to  fluids  at  rest ;  hydraulic  refers  to 
fluids  in  motion. 

165.  The  Hydranlia  Bam.  — This 
instrument  depends  upon  the  momen- 
tum of  running  water.  The  principle 
of  it  may  be  illustrated  by  a  very  sim- 
ple piece  of  apparatus. 

Let  the  two  reservoirs  A  and  B 
(Fig.  96)  he  connected  by  a  rubber 
tube.  The  end  of  the  tube  in  A  is 
supplied  with  a  valve  which  prevents 
the  Said  returning  from  A.  If  we 
seize  the  rubber  tube  at  b  and  raise  it 
a  tew  inches  and  then  let  it  fall  with 
a  sudden  jerk,  the  momentnm  of  the 
moving  column  of  water  will  push  a 
small  amount  of  water  up  through 
tlio  valve  in  A.  By  repeating  this 
movement  several  times  S  may  be  . 
emptied  of  its  water  and  carried  above 
its  level  in  A.  This  is  the  idea  which 
underlies  the  hydraulic  ram,  whereby  water  is  made  to  flow 
from  a  source  upon  a  hillside,  first  down  into  a  valley,  and 
then  to  a  house  farther  up  the  hillside  than  the  source. 
In  order  to  accomplish  this  a  portion  of  the  water  mnst 
run  to  waste.    It  is  the  energy  of  this  portion  of  the  water 


— Principlo  of 


hydraulic  n 


I,  Google 


PRINCIPLES  OP  FLUID  PRESSURE  141 

that  does  the  work  of  lifting  the  other  portions  of  the 
water  to  the  house.  A  diagram  will  make  the  mechanism 
plain. 

D  (Fig.  97)  is  the  gpring  from  which  water  is  to  be  car- 
ried through  a  pipe  C  to  a  hoiise  which  is  higher  than  the 
spring.    If  the  valve  A  should  remain  closed,  water  would 


Fio.  97.— Diagram  of  hydraalic  ram. 

stand  at  the  same  level  in  C  as  at  i>;  but  the  valve  A  ia 
made  heavy  enough  to  sink  in  quiet  water.  As  soon  as  it 
sinks,  however,  the  water  ceases  to  be  quiet,  and  rushes  out 
through  the  orifice  above  with  such  a  rush  as  to  toss  the 
valve  shut  again  with  a  smart  thump.  When  the  flow  of 
the  water  is  thus  suddenly  stopped  at  A  its  momentum 
forces  open  the  valve  b,  and  some  of  it  passes  in  to  com- 
press the  air  in  the  chamber  B.  At  the  rebound  of  this  air 
the  valve  b  closes  and  some  water  is  forced  higher  up  the 
tube  f  leading  to  the  house.  Aa  soon  as  the  water  in  the 
apparatus  becomes  quiet  the  valve  A  sinks  again,  and  the 
events  just  described  are  repeated. 
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156.  General  Seflnitios  of  Heat — In  studying  heat,  ve 
study  only  a  particular  form  of  enei^ — molecular  motion 
— and  all  that  we  have  learned  shout  motion  in  general  Ib 
applicable  to  the  motion  of  molecoleB.  Like  all  forms  oi! 
energy,  heat  represents  two  elements — matter  and  motion. 
It  ia  a  measurshle  quantity,  and  the  measurement  may  be  . 
made  with  respect  to  the  two  aspects  of  energy  studied  in  ; 
mechanics — that  is,  to  the  degree  or  intensity  of  motionj 
and  to  the  total  amount  of  motion  or  momentum.  By  the 
degree  or  rate  of  motion  we  mean  speed  or  velocity,  meaa- 
ored  in  centimetres  per  second.  This  measurement  is  inde- 
pendent of  the  amount  of  matter.  In  the  case  of  heat  we 
can  not  measure  the  velocity  directly  in  centimetres.  The 
motion,  being  molecular,  is  quite  invisible.  It  consists  of  a 
to-and'fro  motion,  a  vibration,  and  not  of  a  plain  and  sim- 
ple change  of  position.  We  can  only  measure  the  intensity 
of  the  molecular  motion  by  means  of  its  eiTects,  and  this 
we  do  with  a  thermometer  (section  167). 

The  total  amount  of  motion,  or  momentum,  is  the  prod- 
uct of  mass  and  velocity,  or  m  v. 

In  heat  the  amount  is  measured  in  the  same  way.  It  is 
the  degree  of  beat  motion  multiplied  by  the  mass  of  the 
matter  in  motion.  But  here,  again,  the  measurement  must 
be  conventional,  since  the  degree  of  heat  motion  can  not 
be  measured  in  absolute  units.  The  measurement  of  heat 
143 
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quantitiflB  is  treated  under  the  head  of  Calorimetry  (Chap- 
ter XXI). 

The  term  heat  is  used  in  two  very  different 'senses. 
First,  the  physical  sense,  the  molecular  motion  of  a  body; 
and,  second,  the  pfayeiological  sense,  the  sensation  prodnced 
in  us  by  contact  with  a  hot  body.  We  shall  ase  it  always 
in  the  physical  sense,  to  represent  the  thermal  condition  of 
a  body.  We  can  not  judge  of  thia  accurately  by  means  of 
our  own  sensations,  for  hot  and  cold  are  merely  relative 
terms.  When  we  come  in  from  the  cold  a  moderately  warm 
room  seems  hot  to  as,  and  when  we  pass  from  an  overheated 
room  into  a  moderately  warm  one  it  feels  cold  to  us. 

Neither  can  we  judge  of  the  relative  heat  of  two  bodies 
by  simply  touching  them,  for  the  sensation  produced  does 
not  depend  alone  upon  the  degree  of  heat  in  the  bodies 
touched,  hut  also  upon  the  relative  speed  with  which  they 
give  up  or  absorb  heat  when  brought  in  contact  with  the 
hand.  Thus,  pieces  of  iron  and  of  wood  may  be  eqnally 
hot,  but  to  the  hand  the  iron  will  seem  much  the  hotter, 
because  it  gives  up  its  heat  more  readily  than  the  wood. 
The  two  may  be  equally  cold,  bat  not  to  the  touch ;  the 
iron  will  seem  much  the  colder,  because  it  takes  away  heat 
more  rapidly  from  the  hand.  On  a  cold  morning  we  instinc- 
tively avoid  handling  all  metal  objects,  but  we  pick  up  wood 
or  cloth  without  hesitation,  although  they  are  all  of  the 
same,  or  nearly  the  same,  temperature. 

Until  the  end  of  the  eighteenth  century  it  had  been 
believed  by  many  eminent  philoeophers,  among  whom  was 
Sir  Isaac  Newton,  that  heat  was  a  very  subtle  fluid  that 
more  or  less  completely  filled  the  pores  of  all  substances, 
and  could  be  transferred  from  one  to  another,  much  as 
water  flows  from  one  vessel  to  a  communicating  one,  and 
only  comes  to  rest  when  the  level  is  the  same  in  both.  In 
the  closing  years  of  that  century  two  celebrated  experi- 
ments were  made,  that  showed  once  for  all  that  heat  is  not 
a  substance,  but  is  simply  a  motion  of  the  molecules. 

Coogic 
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An  American,  Beajsmin  Thompsoti,  afterward  Count 
Romford,  had  charge  of  the  boring  of  cannon  in  the  arBe- 
nal  at  Munich,  and,  observing  that  great  heat  was  produced, 
he  became  interested  to  investigate  the  matter.  He  fonnd 
that  by  immersing  the  cannon  ill  water  and  by  purposely 
using  a  very  blunt  boring  tool  he  could  easily  produce 
enough  heat  to  make  the  water  boiL  He  rightly  reasoned 
that  what  could  be  produced  in  such  unlimited  quantity  by 
the  expenditure  of  mechanical  enei^  must  itself  be  a  form 
of  energy.  He  even  established  a  rough  relation  between 
the  amount  of  mechanical  energy  that  disappeared  and  the 
amount  of  heat  that  took  its  place.  This  was  in  1796.  The 
year  following,  Sir  Humphry  Davy  showed  that  two  pieces 
of  ice  rubbed  together  below  the  freezing  point  could  be 
melted  by  the  heat  of  friction. 

At  the  present  time  no  one  eerionsly  doubts  that  heat  ial 
a  mode  of  motion — that  is,  a  form  of  energy ;  but  it  took  1 
the  first  third  or  even  the  first  half  of  the  nineteenth  cen-  1 
tnry  to  establish  the  doctrine  on  firm  scientific  grounds^ 
The  final  victory  was  gained  by  the  experiments  establish- 
ing the  exact  quantitative  relation  between  heat  and  me- 
chanical energy — that  is,  the  mechanical  equivalent  of  heat 
— work  that  will  always  be  associated  with  the  name  of  the 
English  scientist  Joule.  The  doctrine  has  been  theoretic- 
ally worked  out  by  such  men  as  Clansiua,  Helmholtz,  Tait, 
and  Maxwell,  and  made  popular  by  Tyndall  and  other  able 
experimenters.  — i 

Heat,  from  the  standpoint  of  physics,  is  a  vibration  of  I 
molecules — the  greater  the  amplitude  of  vibration  the  viore  \ 
intense  the  heat.  From  the  standpoint  of  physiology  it  is 
aa  irritation  of  certain  nerve  endings  by  appropriate  means 
— as,  for  example,  the  pelting  of  these  vibrating  molecules 
of  matter  against  the  skin. 

Since  heat  is  a  form  of  energy— one  variety  of  molecu- 
lar motion — it  can  only  be  produced  by  the  transformation 
of  some  other  form  of  energy  into  heat.     This  ia  accom- 
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plished  BO  readily  that  heat  has  been  called  the  cnirency, 
or  medium  of  exchange,  in  the  realm  of  energy.  We  may 
therefore  expect  to  find  that  there  are  a  great  variety  of 
ways  of  producing  beat. 

167.  Heat  prodooed  by  Friotion, — When  mechanical  mo- 
tion is  interrupted  in  any  way,  aa  in  friction,  we  have  the 
movement  of  the  whole  transformed  into  a  movement  of 
the  parts — that  is,  into  heat.  We  do  this  when  we  rnb  oar 
bands  together  on  a  cold  morning.  A  coin  or  other  bit  of 
metal  rubbed  against  a  flannel  blanket  or  against  onr  coat 
sleeve  becomes  uncomfortably  warm.  It  is  quite  possible  to 
measure  the  relation  between  mechanical  motion  and  heat 
— ^the  quantity  of  beat  that  corresponds  to  a  given  amount 
of  mechanical  energy.  In  this  way  we  may  get  the  thermal 
equivalent  of  motion,  or  the  mechanical  equivalent  of  heat. 

It  18  a  familiar  fact  that  machinery  warms  up  while 
running.  It  has  already  been  said  that  the  work  done  by 
any  machine  is  never  fully  equivalent  to  the  power  applied 
to  it.  The  loss  is  due  to  friction,  and  the  heat  which  warms 
up  the  machine  while  in  motion  ie  the  equivalent  of  this 
apparently  lost  energy.  Anything  which  will  reduce  fric- 
tion shonld  therefore  diminish  this  loss.  Hence  we  oil  the 
machine  when  we  desire  it  to  perform  work  rather  than 
produce  heat. 

The  relation  between  heat  and  work  constitntes  a  dis- 
tinct branch  of  physical  science  called  thermodynamics.  It 
expresses  the  quantitative  relation  between  two  important 
forms  of  energy,  and  is  an  application  of  the  doctrine  of 
the  conservation  of  energy. 

158.  Heat  prodnced  by  Percnaeion.— When  a  bullet  strikes 
a  target  its  mass  motion  is  converted  into  molecular  motion, 
or  heat.  When  we  hammer  a  nail,  both  the  hammer  and  - 
the  nail  become  hot ;  the  pile  driver  and  the  pile  become 
hot  in  the  same  manner.  The  earth  is  moving  through 
space,  around  the  sun,  at  the  rate  of  about  nineteen  miles 
per  second.     Could  it  be  stopped,  its  motion  would  be 
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transformed  into  heat,  and  this  would  be  sofflcient  to 
Taporize  the  entire  earth.  Indeed,  that  is  precisel;  what 
is  happening  to  hundreds  of  meteors  which  daily  fall  into 
the  earth's  atmosphere.  In  18fi4  Sir  William  Thomson 
conclnded  that  the  heat  of  the  sun  was  chiefly  due  to  the 
percoBsion  of  meteors  which  fall  upon  it 
'  159.  Seat  produced  by  PiMniie. — When  gases  are  con- 
densed by  a  pomp,  temperatare  rises  (Fig.  98).  When  they 
an  allowed  to  expand  again  they  retom 
to  their  original  temperatore.  If,  while  a 
gaa  is  onder  pressare,  the  heat  is  conducted 
off  and  the  pressure  is  then  removed,  the 
expansion  will  cause  the  temperature  to 
fall  as  far  below  the  original  temperature 

as  it  was  raised  above 

that  by  pressure.   This  is 

weU  illustrated  in  cer- 
^^^^^_  tain  ice  machines,  where 
J  C^^^^  the  heat  produced  by 
3  ^^^  pressure  is  removed  by 

'  >  running  water,  and  the 

cold  which  is  prodnced 

by  the  sudden  expansion 

of  the  gases  is  sufficient 

to  freeze  water.     (See 

also  216.) 

It  is  pretty  generally    Pio.  89.— Tempem- 

known  that  water  boils  at      der  pressure. 

Sia-  Fahrenheit.  With- 
out extra  pressure  its  temperature  can  not  be  raised  above, 
that  point.  We  may,  however,  raiae  it  to  any  desired  tem- 
perature by  putting  its  steam  under  sufficiently  great  pres- 
anre  (Fig.  99).  Because  of  great  pressure,  steam  in  a  loco- 
motive boiler  is  much  hotter  than  213°.  When  this  steam 
iasues  in  a  jet,  however,  the  sudden  expansion  reduces  its 
temperature,  so  that  it  is  only  lukewarm  (Fig.  100). 
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The  internal  heat  of  the  earth  ma;  be  dae  to  the  prea- 
Bare  of  its  mass.  The  rise  in  temperatnre  is  about  one 
degree  Fahrenheit  for  every  fifty  or  sixty  feet  of  descent 
varying  mnch  in  different  localities.  It  must  be  nnderstood 
that  motion  mast  resnlt  from  pres- 
snre  in  order  to  prodnce  heat— that 
is,  the  earth  must  be  still  contracting 
under  its  own  weight  if  heat  is  being 
now  produced.  Bat  the  internal  heat 
which  was  produced  in  former  cen- 
turies by  this  contraction  bos  very 
great  difficulty  in  getting  away  from 
the  earth.  It  has  been  estimated  that 
so  little  of  it  reaches  the  surface  as 
to  effect  a  rise  in  temperatnre  of  only 
one  thirty-eiitb  of  a  degree.  So  like- 
wise the  heat  of  the  sun  may  be  pro- 
duced chiefly  by  the  action  of  gravitation  in  pulling  its  par- 
ticles of  matter  nearer  together.  Von  Helmholtz  calcu- 
lated that  all  the  sun's  heat  for  a  year  woald  be  produced 
by  the  contraction  of  thirty-eight  metres  in  its  radius.  If 
it  continues  to  give  out  heat  at  the  present  rate  for  four 
million  years,  it  will  then  be  contracted  to  half  its  present 
diameter. 

The  total  heat  sent  to  the  earth  annually  from  the  sun 
would  be  capable  of  melting  a  sheet  of  ice  fifty-four  metres 
thick,  extending  over  the  whole  surface  of  the  globe.  The 
earth,  being  distant  about  ninety-two  million  miles  from  the 
sun,  receives  only  the  one-twenty-one-hundred-millionth  part 
of  the  entire  amount  of  heat  which  the  sun  sends  forth  on 
all  sides.  How  the  sun's  heat  is  transmitted  through  space 
from  the  sun  to  the  earth,  and  what  transformations  it 
paaseH  through  after  it  reaches  the  earth,  will  be  discussed 
in  other  chapters. 

160.  Heat  produced  \>j  Chemical  Aeticm.— The  process 
of  ordinary  burning,  or  combustion,  is  the  union  of  a  sub- 
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stance  with  oxygen.  Burning,  combnstion,  and  oxidation  Are 
nearly  Bynonymoaa  terms.  The  proceae,  however  rapid,  as 
in  the  case  of  combnstion,  or  alow,  as  in  the  case  of  the  mst- 
iug  of  a  met^  is  always  accompanied  by  the  production  of 
a  definite  amount  of  heat,  which  bears  a  fixed  ratio  to  the 
amonnt  of  chemical  action. 

The  familiar  instance  of  the  slaking  of  lime  with  water 
is  an  illustration  of  the  production  of  heat  by  chemical 
action.  Both  the  lime  and  the  water  may  be  very  cold,  bnt 
when  they  are  mixed  their  atoms  clash  together  in  forming 
a  new  compound,  and  the  molecules  of  the  new  Bubstance 
are  left  in  a  state  of  vibration  so  intense  as  to  cause  the 
water  to  boil,  or  even  to  set  wood  on  fire.  Storehouses  of 
lime  frequently  take  fire  by  rain  leaking  in  upon  the  lime. 
Ships  l(»ded  with  lime  are  in  similar  danger.  Compost 
heaps  get  very  warm  by  reason  of  the  slow  chemical  decom- 
position that  is  going  on  in  them.  Piles  of  green  grass, 
new  grain,  new  hay,  new  flour,  cotton  with  seed  in  it,  or 
oily  cotton  waste,  all  produce  heat  for  the  same  reason. 
Animal  heat  is  produced  in  like  manner.  Most  of  our 
foods  are  particularly  liable  to  chemical  change ;  indeed, 
their  value  as  foods  depends  upon  this  characteristic.  Ani- 
mal heat  is  due  chiefly  to  the  breaking  down  of  these  com- 
pounds in  the  body. 

161.  Other  Bouroea  of  Heat.— Electricity  is  one  of  the 
latest  sources  of  heat  to  be  utilized  by  man.  We  shall  see, 
when  we  come  to  this  subject,  that  whenever  a  current  of 
electricity  meets  resistance  in  its  passage,  heat  is  produced. 
This  is  sufficient  to  cook  with  in  the  electric  stove.  Our 
electric  cars  are  warmed  in  winter  by  turning  electric 
energy  into  heat.  Heat  is  produced  from  the  electric  cur- 
rent for  welding  metals  and  for  fusing  the  most  refrac- 
tory substances.  We  shall  study  this  matter  more  in  detail 
under  Electricity. 
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aloBg  one  principal  axis,  and  may  even  contract  at  right 
angles  to  this  direction.    This  is  the  case  with  Iceland  spar. 

There  are  variations  in  the  coefficients  of  expansion  at 
different  positions  on  the  thermometer  scale,  the  coefficient 
increasing  slowly  with  the  temperature.  The  valnes  given 
in  the  table  are,  however,  snfBcientl;  accnrate  for  all  prac- 
tical uses. 

166.  Expaiuion  of  Zaqnids. — Since  liquids  aflsnme  the 
form  of  the  containing  vessel,  we  measure  only  the  ratio  of 
their  increase  of  volume  to  that  of  temperature— that  la, 
their  coefficient  of  volume  expansion.  Since  the  contain- 
ing vessel  also  changes  its  volume  with  change  of  tempera- 
ture, all  determinations  of  the  expansion  of  liquids  must 
take  this  into  account.  In  general,  the  change  of  volume 
is  very  small.  The  coefficient  rises  with  the  temperature. 
Water  and  mercury  are  the  two  liquids  whose  coefficienta 
of  volume  expansion  are  of  the  largest  importance.  Water 
presents  the  curiouB  case  of  a  liquid  which  does  not  expand 
uniformly  with  the  application  of  heat.  A  body  of  water 
at  the  freezing  point — 32°  on  our  ordinary  thermometers — 
on  being  heated,  contracts  in  volume  uutil  it  reaches  39°. 
It  then  begins  to  expand,  and  at  46°  has  the  same  volume 
as  at  33°.  Beyond  this  point  the  expansion  proceeds  con- 
tiuuously  until  the  boiling  point,  212°,  is  reached,  and  the 
watei  passes  into  steam.  Thirty-nine  degrees  is  therefore 
known  as  the  point  of  maximnm  density  of  water. 

This  irregularity  in  the  behavior  of  water  has  the  utmost 
significance  in  the  economy  of  Nature.  Bodies  of  water, 
such  as  ponds  and  lakes,  cool  at  the  surface.  The  upper 
layers  in  growing  cold  also  grow  heavy,  and  sink  to  the 
bottom.  This  process  continues  until  the  whole  body  of 
water  has  a  temperature  of  39°.  When  this  point  is  reached 
a  further  loss  of  heat  makes  the  surface  layers  lighter  aa 
well  as  colder,  and  they  consequently  remain  on  top.  When 
they  reach  32°  ice  forms  and  shuts  off  the  under  water  from 
any  further  large  loss  of  heat.     Aa  both  ice  and  water  are 
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poor  coDdnctore,  the  lower  strata  of  water  remain  at  39°, 
and  the  water  life  is  preserved.  If  water  continued  to  grow 
heavier  down  to  33°,  the  ice  would  form  at  the  bottom  of 
all  bodiee  of  water,  and  the  hottest  of  summer  suns  would 
hardly  suffice  to  melt  it. 

The  ordinary  thermometer  is  an  illuBtration  of  the  ez- 
paneion  of  liquids  by  heat.  Mercury  and  alcohol  expand 
by  heat  with  sufficient  regularity  so  that  we  use  them  to 
measure  rise  and  fall  in  temperature. 

167.  Measorement  of  Temperaton  by  the  Expaiudcm  of 
Keronrr  in  the  Theimometer. — All  ordinary  temperatures 
are  measured  by  means  of  a  well-known  instrument — the 
thermometer.  This  depends  for  its 
action  upon  the  effect 
of  heat  in  making 
fluids  expand.  Alco- 
hol was  formerly  used, 
and  for  low  tempera- 
tures is  still  used,  but 
mercury  has  been  sob- 
stituted  for  the  al- 
cohol in  nearly  all 
instruments  for  every- 
day use.  As  the  tem- 
perature rises,  mer- 
cury expands,  but  the  ^^^^^^ 
increase  of  volume  is 
so  slight  that,  unless 
we  employ  some  spe- 
cial device  for  render- 
ing the  expansion  vis- 
ible, we  should  hardly 
be  the  wiser.  This  special  device  is  very  simple.  We  have 
a  glass  bulb  capable  of  holding  an  appreciable  amoiint  of 
mercury,  and  provided  with  a  fine  capillary  tube  as  its  only 
oatlet.     In  this  way  we  have  a  considerable  body  of  mer- 
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cnry  to  expand  aod  contract,  but  any  change  id  its  volnme, 
however  alight,  makes  a  very  noticeable  change  in  the  length 
of  the  column  of  merctiry  in  the  capillary  tube.  Heat  also 
expands  the  glass  bulb,  giving  it  greater  capacity,  so  that 
the  first  effect  of  heating  a  thermometer  ia  to  make  the 
column  of  mercury  sink ;  but  as  soon  as  the  mercury  also 
becomee  heated,  the  column  of  mercury  rises,  and  qnite 
enough  for  our  purpose,  since  the  increased  volume  of  mer- 
cnry  is  greater  than  the  increased  capacity  of  the  bulb. 
What  Tve  really  measure  is  their  difference. 
The  coefficient  of  volume  expansion  for  mer- 
cury is  .0001817,  and  for  glass  .0000364. 
The  diflerence  between  these  coefficients, 
.0001663,  represents  the  apparent  expansion 
of  mercury  in  glass. 

Pure  water,  under  a  pressure  of  760  milli- 
metres of  mercury,  always  freezes  and  boUe 
at  the  same  temperatures,  and  so  we  take 
these  as  fixed  points  of  temperature.     Figs. 
:  103  and  103  show  how  these  points  are  found 

!  when  the  thermometer  is  made. 

168.  Centigrade,  Rfenmor,  aad  Fahrenheit 
Scales.— There  are  unfortunately  three  differ- 
ent scales  of  temperature  nsed  in  civilized 
conntries. 

Cenligrade  Scale.— In  this  the  freezing 
point  of  water  is  called  0°,  and  the  boiling 
point  100°.  The  varying  temperature  of 
liquid  water  is  thus  expressed  in  one  hundred 
u  "^  J  steps,  hence  the  name.  This  scale  was  sug- 
Fro  104  gested  by  Celsius,  a  Swedish  scientist,  and  is 

used  in  all  scientific  work,  because  of  all  the 
scales  it  is  the  most  rational  and  convenient.    It  is  also  in  pop- 
ular use  in  France  and  in  the  Romance  conntries  generally. 
liiaumur  Scale. — The  freezing  point  of  water  in  this 
scale  is  also  called  0°,  but  the  boiling  point  is  marked  80°, 
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and  the  degrees  are  therefore  larger  than  in  the  centigrade 
scale.  It  vaa  devised  by  Rdanmnr,  of  France,  and  has 
nothing  to  commend  it.  Gnrioasly,  it  is  in  popular  use  in 
Oermany  and  Switzerland. 

Fahrenheit  Scale. — Thia  is  the  least  admirable  of  the 
three.  The  freezing  point  is  marked  32°,  and  the  boiling 
point  212°,  thus  making  180°  between  the  two  points.  The 
zero  of  the  scale  is  therefore  32°  below  freezing,  and  ib  the 
point  that  was  erroneoasly  supposed  to  mark  the  greatest 
artificial  cold  prodacible.  This  scale  is  nnfortnnately  the 
one  in  common  use  in  the  United  States,  in  Great  Britain, 
and  in  all  English-speaking  countries.  It  was  devised  by 
Fahrenheit,  a  German  philosopher. 

Not  one  of  these  scales  is  used  in  the  country  where  it 
originated. 

In  nearly  all  German  towns  there  is  a  public  bathing 
place,  where  university  professors  and  college  students  and 
Bchoolboys  go  in  warm  weather  for  a  daily  swim.  In  some  of 
the  places  the  temperature  of  the  water  in  degrees  Reaumur 
is  posted  up  each  day,  so  that  one  may  decide  for  or  against 
a  plunge.  In  the  same  way  the  regulations  in  German  art 
galleries  state  in  terms  of  B^aumur  the  allowable  variation 
in  temperature. 

169.  Convernon  of  One  Scale  into  Antttber. 

1.  Fahrmheit  into  Centigrade.— To  change  any  Fahren- 
heit reading  into  centigrade,  we  must  first  subtract  33°,  in 
order  that  both  readings  may  count  from  the  same  starting 
point,  the  freezing  point  of  water.  The  remainder  is  then 
multiplied  by  f,  since  180°  P.  =  100"  C.  Putting  this  into 
a  compact  formula,  we  have 

C.  =  J(F.-32)  (1) 

niuHtrations :  Suppose  the  Fahrenheit  reading  was  212° 
(boiling  point  in  F.),  then  C.  =  i  (312  -  32)  =  f  (180)  =  100° 
(boiling  point  in  C). 

3,  Centigrade  into  Fahrenheit. — In  this  case  we  multiply 
the  C.  reading  by  f ,  since  100°  C.  =  180°  F.,  and  then  add  33, 
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or  F.  =  lC.  +  38  (2) 

Suppose  C.  =  100°,  then  F.  =  1 100  +  32  =  180  +  32  =  212°. 
By  makiDg  C.  =  F.  in  either  (1)  or  (2)  we  can  find  the  point 
where  both  ecales  have  the  same  reading.     Thus: 
F.  =  I F.  +  32 
6  F.  =  9  F.  +  160° 
4  F.  =  -  160° 
F.  =  -  40°  :=  C. 

3.  Jiiaumiir  and  J^hrenkeit, — In  the  aame  way  by  using 
I  and  I,  since  180°  F.  =  80°  B.,  we  may  turn  B.  and  F.  about 

R.  =  t  (F.  -  32)  (3) 

F.  =  J  R.  +  32  (4) 

4.  Centigrade  and  RSaumur.— Since  100°  C.  =  80°  B.,  we 
have  C  =  t  B.,  and  R.  =  J  C.  (5) 

170.  SaU-noording  ThennmneteTa.— It  is  sometimes  desir- 
able to  have  an  instrument  which  will  record  either  ita'own 


Fia.  lOS. — Hmtmum  and  mliiiiauiii  thermoinetora. 


extremes  or  its  whole  variation.  The  maximum  and  mini- 
mum thermometer  does  the  former,  and  Draper's  the  latter. 
In  the  first,  two  thermometer  tubes  are  mounted  horizon- 
tally on  the  same  scale  board.  The  maximum  thermometer 
has  a  small  indicator,  usually  a  bit  of  glass,  inside  the  tube, 
which  the  expanding  mercury  pushes  in  front  of  it,  but 
fails  to  pull  back  when  it  retreats  itself.  In  this  way  we 
have  a  record  of  the  highest  temperature  reached.  The 
minimum  thermometer  is  filled  with  colored  alcohol,  and  car- 
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ries  a  little  rider  inside  the  fluid,  which  is  bo  arranged  that 
it  will  retreat  with  the  alcohol,  but  offers  too  much  friction 
when  going  in  the  other  direction  to  advance  with  the  alco- 
hol. In  thie  way  we  have  a  record  of  the  lowest  tempera- 
tnro  reached.  Such  inatrumenta  are  often  used  in  green- 
hoosee  and  other  places  where  a  narrow  range  of  tempera- 
tare  is  necessary  for  success. 

In  meteorological  stations  a  more  complete  record  is 
wanted.  In  Draper's  self-recording  thermometer  a  pointer, 
moved  by  the  expansion  and  contraction  of  metallic  bars, 
traces  its  own  movements  on  cards  prepared  for  the  pur- 
pose and  made  to  rotate  back  of  the  pointer  by  means  of 
clockwork.  Or  the  fluctnations  of  a  column  of  mercury 
may  directly  photograph  themselves  on  a  roll  of  slowly 
moving  sensitive  paper  passing  back  of  them. 

171.  Ezpaoiion  of  Oaaes — Correction  of  Tolmne  for  Tem- 
peratme. — We  have  in  gases  the  most  perfect  example  of 
expansion  and  contraction.  A  cubic  foot  of  any  gas  meas- 
ared  in  winter  may  expand  in  summer  so  as  to  occupy  170 
cubic  inches  more  than  a  foot.  Wo  have  already  found, 
from  a  study  of  Boyle's  law  (124),  that  the  measured 
▼olume  of  a  gas  most  be  corrected  tor  pressure.  It  is  evi- 
dent, from  what  we  have  learned  of  the  effects  of  heat,  that 
the  measured  volume  of  gas  must  also  be  corrected  for  tem- 
perature. It  was  a  French  physicist,  Charles,  who  in  1787 
first  pointed  out  the  law  for  the  relation  of  volume  of  a  gas 
to  changes  of  temperature.  The  volume  coefficients  for 
different  gases  vary  slightly,  but  in  general  may  be  stated 
to  be  .003663,  or  j^-j  of  their  volume  at  zero  centigrade. 
That  is,  gas  which  would  measure  a  cubic  foot  at  0°  C.  would 
measure  at  27°  C,  the  temperature  of  a  rather  warm  summer 
day  (what  would  it  be  on  Fahrenheit  scale  ?),  1  cubic  foot  -^- 
27  X  .003663  cubic  feet,  or  170  cubic  inches  more  than  a 
cubic  foot.  If  the  volume  V  is  given  of  any  gas  at  0°  C, 
and  we  are  required  to.  calculate  what  its  volume  would  be 
at  a  given  temperature  /  higher  than  zero,  we  multiply  V 


162  PHYSICS 

by  1  +  -003663  /.  If  we  are  required  to  calcnlate  what  its 
volume  would  be  at  a  given  temperature  below  zero  we 
multiply  F  by  1  —  .003663  t.  If  the  volome  is  giveii  at  a 
temperature  above  zero,  and  we  are  required  to  calculate 
what  it  would  be  at  zero,  we  divide  T  by  1 4..003663  t  If 
the  volume  ia  given  at  a  temperature  below  zero,  and  we  are 
required  to  calcnlate  what  it  would  be  at  zero,  we  divide 
V  by  1-.003663  t. 

172-  The  Air  Thermometer.— The  coefficient  of  volume 
expansion  for  air  wae  found  by  Oay-Lussac  by  means  of  a 
thermometer  with  a  very  large  bulb.  This  was 
filled  with  dry  air,  which  was  separated  from 
the  outside  atmosphere  by  a  little  pellet  of 
mercury  in  the  tube.  Knowing  the  capacity 
of  the  bulb  and  the  diameter  of  the  tube,  the 
percentage  increase  of  volume  on  heating  the 
air  through  any  given  range  of  temperature 
could  readily  be  calculated.  The  same  instru- 
ment may  be  used  as  a  thermometer. 

If  the  tube  be  made  of  some  difficultly  fusi- 
ble material,  such  as  hard  porcelain,  the  air 
thermometer  eerves  as  an  excellent  instrument 
for  measuring  very  high  temperatures. 

173.  Pyrometers. — As  mercury  boils  at  350" 
rt,  C,  and  glass   speedily  softens,  the  ordinary 

T  J  mercury  thermometer  can  not  be  used  to  deter- 

l>^^^  mine  high  temperatures.  We  use  here  a  spe- 
^^^^^  cial  class  of  instruments  known  aa  pyrometers 
Fia  106  (^'^  measures),  which  depend  for  their  action 
upon  the  expansion  of  air;  the  expansion  of 
metal  bars;  the  melting  of  alloys  of  known  melting  points; 
the  softening  of  fire  claya ;  or  the  variable  electric  resietance 
in  a  platinum  conductor,  due  to  change  in  the  temperature. 
In  general  the  resistance  of  the  metals  increases  with  beat, 
and  consequently  the  current  passing  through  the  con- 
ductor becomes  weaker  the  higher  the  temperature.     B; 
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meaaDTing  the  current  with  a  galvanometer  we  can  measure 
the  heat. 

174.  Sange  of  Temperatnra. — The  lowest  temperatare  so 
far  reached  is  probably  —268°  G.  (what  wonld  this  be  on 
Fahrenheit  scale?),  obtained  by  the  evaporation  of  solid 
hydrogen.  The  highest  is  probably  that  of  the  electric  arc, 
which  is  estimated  to  be  aboat  3,500°  C.  Higher  and  lower 
temperatures  than  these  are  entirely  conceivable,  and  an- 
doubtedly  exist  in  other  parts  of  the  nniverse,  but  they  are 
quite  outside  the  range  of  human  experience. 

175.  Eelstion  td  Temperatare  to  Animal  and  Vegetable 
Uft, — Human  life  exists  within  rather  narrow  ranges  of 
temperature,  about  —  60°  F.  and  + 120°  F.,  and  none  of  ua 
care  to  endure  either  of  these  extremes  for  any  great  length 
of  time. 

Warm-blooded  animals  keep  a  constant  bodily  tempera- 
tore,  however  much  the  temperature  may  vaiy  about  them. 
For  example,  the  temperature  of  the  internal  organs  of  a 
haman  body  most  be  kept  at  about  98°  F.,  summer  and  win- 
ter, without  change.  How  this  is  accomplished  will  be 
learned  later.  Some  birds  keep  a  constant  temperature  of 
110°  F.  The  temperature  constant  varies  among  different 
types  of  warm-blooded  animus.  Birds  and  mammals  (ani- 
mals whose  young  are  fed  by  the  mother's  milk)  are  warm- 
blooded. All  other  animals  are  variable  in  temperature, 
and  their  temperature  varies  as  that  of  their  surroundings. 
They  are  sluggish  as  the  temperature  falls,  and  more  or  leaa 
active  as  it  rises. 

The  distribution  of  plants  and  animals  over  the  globe 
appears  to  be  controlled  by  temperature,  ao  that  we  have 
certain  kinds  of  plants  and  animals  peculiar  to  the  tropica, 
certain  other  kinds  peculiar  to  the  temperate  zone,  and  still 
other  kinds  peculiar  to  the  frigid  zones.  All  three  kinds 
of  temperature  zones  may  be  found  upon  the  slope  of  a 
single  mountain,  each  to  a  limited  degree  supplied  with  its 
appropriate  plants  and  animals. 
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176.  H«at  detorminw  the  State  of  a  Sabrtuioe. — A  gas 
may  apparently  be  expanded  indefinitely,  and  so  may  take 
any  increase  of  temperature  withont  cbaoging  its  state. 
Not  so  with  solids  and  liquids.  The  heat  may  be  increased 
to  a  given  point,  called  respectively  the  fusing  and  the  boil- 
ing point,  but  beyond  this  any  further  increase  of  heat 
shows  itself  by  liquefaction  and  vaporization. 

177.  Fasion. — All  solids  heated  to  a  snfflcient  tempera- 
tore  will  melt.  We  can  prove  this  by  direct  experiment 
tor  most  solids ;  and  for  others,  such  as  carbon,  we  believe 
it  to  be  true.  Some  solids  pass  directly  from  a  solid  to  a 
liquid  state,  as  ice,  while  others  pass  through  an  interme- 
diate pasty  condition.  The  latter  appears  to  be  the  result 
of  a  change  in  the  molecular  structure,  and  has  not  yet 
been  clearly  explained.  This  pasty  condition  is  important 
practically,  since  it  allows  the  process  of  welding.  Two 
pieces  of  wrought  iron  heated  to  a  white  heat  may  be 
joined  together  into  practically  one  piece  by  appropriate 
hammering. 

Sulphur  behaves  very  oddly.  Heated  at  114.6°,  it  melts 
to  a  thin,  straw-colored  liquid.  At  from  200°  to  250°  the 
liquid  takes  on  a  rich  reddish-brown  color  and  becomes  so 
pasty  that  the  teat-tube  may  be  tamed  upside  down  with- 
out loss.  Heated  still  further,  the  pasty  mass  again  be- 
comes perfectly  liquid,  grows  darker  in  color,  and  finally 
boils  at  448.4°  and  may  be  distilled.  Or  if  poured  into 
cold  water  and  suddenly  cooled,  it  for  a  time  has  the  appear- 
ance of  crude  rubber. 

The  following  laws  of  fusion  apply  only  to  substances 
which  show  a  sharp,  distinct  melting  point : 

1,  The  fusing  temperature,  under  constant  pressure,  is 
always  the  same  for  the  same  substance. 

3.  The  temperature  during  fusion  remains  constant 
until  the  whole  substance  is  melted. 
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TABLE  OP  MELTING  POINTS. 


MettniiT 

Ice 

-  88" 

0° 

Antimony 

Aluminlnm 

Bronze  

SilTer 

482 

Phosphorus 

44' 

68° 

65° 

95° 

110° 

900 

BM* 

Sodium 

Sulphur 

(^-PPer 

Cast  iron 

Steel 

1054 

1150° 

280° 

263° 

826° 

Bismuth..    

Lead 

Wrought  iron 

Platinum 

1550* 

1775° 

176.  Chan^  of  Voliime  due  to  Fuioii. — Nearly  all  solidB 
increase  in  volmne  when  they  melt,  so  that  as  liquids  they 
are  less  dense,  and  consequently  any  anfused  portions  sink 
to  the  bottom.  With  cast  iron,  vater,  and  antimony  the 
very  opposite  is  the  case.  They  expand  at  the  point  of 
solidifying,  malting  room  for  the  crystala  which  form.  ITiis 
force  of  crystallization  is  immeasurably  great,  and,  as  we 
saw  in  section  164,  is  leveling  mountains.  As  a  result  of 
expansion,  these  solids  are  less  dense  and  float  on  their 
corresponding  liquids.  Antimony  is  added  to  lead  in  type 
metal  so  as  to  make  it  expand  on  solidifying,  and  fill  out  all 
the  fine  lines  of  the  mold.  For  the  same  reason  iron  makes 
fine  castings  and  may  be  fashioned  into  delicate  patterns  in 
BtoTO  castings  and  the  like.  Metals  which  do  not  thus  ex- 
pand are  made  to  receive  impressions  by  stamping  them  with 
dies.  Ice,  as  we  all  know,  floats  on  water.  It  has  a  density 
of  only  .93,  and  consequently  floats  with  .08  of  Its  bulk  out 
of  water.  The  giant  icebergs  seen  in  northern  waters  have 
11^  times  as  mach  ice  under  water  as  above. 

179.  Chan^  of  Fusing  Point  under  Preamre. — The  change 
of  volume  tbat  takes  place  on  fusion  makes  it  easy  to 
nuderstand  why  pressure  should  change  the  fusing  temper- 
ature. Where  a  solid  expands  on  fnsing,  pressure  increases 
the  amount  of  work  to  be  done,  and  hences  raises  the 
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fuaiug  point;  but  where  the  eolid  contracts  on  melting, 
pressure  dimiDisheB  the  unoant  of  work  to  be  done,  and 
BO  lowepB  the  fusing  point. 

180.  SflTeot  of  AUoyi  upon  Fniiiig  Point. — In  general, 
miztnres  of  two  or  more  solids  melt  at  a  temperature  lower 
than  their  average  fusing  point,  and  sometimes  less  than 
the  fusing  point  of  anj  one  of  them.  Thus  an  alloy  con- 
taining two  parts  bismuth  and  one  part  each  of  lead  and 
tin  melts  at  from  95°  to  98°  C.  A  bar  of  this  alloy  held  in 
a  jet  of  steam  melta  and  drops  oS  like  butter. 

181.  VaporlEation, — Liquids  pass  to  the  state  of  Tapor 
by  evaporation  and  boiling.  Evaporation  takes  place  at  the 
surface  only,  and  proceeds  at  all  temperatures.  In  boiling, 
the  formation  of  vapor  takes  place  throughout  the  mass  of 
the  liquid,  and  only  occurs  at  a  definite  temperature,  which 
varies  with  the  pressure  and  the  nature  of  the  liquid,  but  is 
constant  for  any  given  liquid  under  the  same  pressure. 

183.  Fiv«  ^oton  of  Evapoiation. — The  evaporation  of 
liquids  depends  upon  five  factors : 
1.  Temperature  of  liquid. 
3.  Surface  exposed. 

3.  Pressure. 

4.  Amount  of  vapor  already  in  the  atmosphere. 

5.  Renew^  of  fresh  atmosphere. 

A  moment's  reflection  will  show  this  to  be  the  case. 
The  hotter  the  liquid,  the  more  motion  will  its  little  par- 
ticles have,  and  the  more  able  will  they  be  to  detach  them- 
selves from  their  neighbors  and  go  off  into  space.  Evapora- 
tioD,  being  a  surface  phenomenon,  takes  place  tn  larger 
measure  the  larger  the  surface  exposed. 

In  the  chemical  laboratory,  where  we  often  have  occa- 
sion to  evaporate  solutions,  we  satisfy  these  two  conditions 
of  temperature  and  surface  by  using  evaporating  dishes — 
shallow  little  porcelain  dishes  whioh  may  be  heated  over  a 
Bnnsen  burner.  Where  we  wish  the  temperature  not  to 
exceed  100°  C,  we  put  the  dish  on  a  water  bath.    The  same 
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principlea  are  utilized  in  drying  fruit  and  other  prodncta  by 
Bpreading  them  out  in  the  sun. 

When  a  liquid  evaporateB,  its  vapor  has  to  make  way 
against  the  overlying  atmosphere.  Consequently,  the 
smaller  the  pressure,  the  less  work  to  be  done.  Where  a 
high  temperature  is  undesirable,  evaporation  is  now  gen- 
erally carried  on  in  vacuum  pans.  Our  beat  dried  fruits, 
condensed  milk,  sugar  sirups,  etc.,  are  evaporated  in  this 
way. 

The  amount  of  vapor  already  in  the  atmosphere  deter- 
'  mines  the  rate  of  evaporation,  because,  as  we  shall  see  in 
the  next  paragraph,  a  given  space  can  only  take  up  a  given 
amount  of  vapor.  For  the  same  reason  a  renewal  of  atmoa- 
phere  furthers  evaporation.  The  weekly  wash  is  hung  out 
in  the  open  air  to  dry,  utilizing  the  heat  of  the  sun,  the  sur- 
face of  the  garments,  and  the  renewal  of  air  by  the  wind. 
In  dry  climates,  as  in  Colorado,  one's  collar  never  *'  wilts" 
however  hot  the  weather,  since  the  skin  always  remains  dry, 
the  perspiration  evaporating  as  soou  as  formed. 

183.  The  Braporation  of  Bolidn — By  the  term  evapora- 
tion we  mean,  in  general,  the  passage  of  a  liquid  to  a  gase- 
ous condition,  Bnt  we  have  also  apparently  the  changing 
of  solids  to  gases  without  passing  through  the  liquid  state. 
Thus  snow  and  ice  pass  directly  into  a  vapor  without  the 
visible  formation  of  moisture  when  the  weather  is  very  dry, 
even  though  the  temperature  may  be  below  the  freezing 
point.  Wet  clothes  hung  out  upon  the  line  in  such  weather 
freeze  stiff,  bnt  the  ice  will  nevei'theless  disappear  from 
them  in  a  few  hours.  Often  after  a  little  rain  in  winter  it 
clears  off  cold  and  windy.  -  The  moisture  upon  the  sidewalk 
freezes  to  a  thin  glade  of  ice.  A  dry  wind  is  blowing,  and 
the  temperature  is  falling  all  the  time,  bnt  in  a  few  hours 
all  the  ice  disappears.  In  the  same  way  certain  volatile 
solids,  snch  as  camphor  and  ammonium-carbonate,  are 
greedily  taken  up  by  the  atmosphere.  Under  the  influence 
of  heat  other  solids,  such  as  iodine  and  arsenic,  pass  directly 
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iDto  the  condition  of  vapor,  sod  condense  as  solids  again 
when  ButBcientlf  cooled,  a  process  which  we  distinguish  as 
auMimafion,  the  condensed  products  being  called  mbli- 
mates.  But  in  all  these  cases  we  are  forced  to  imagine 
that  the  solids  passed,  if  only  momentarily,  through  the 
condition  of  liquid  before  it  reaches  the  gaseous  state, 
since  our  experience  obliges  us  to  conceive  of  these  states 
as  continnoUB. 

184.  Taport. — The  amoant  of  evaporation  that  may  take 
place  when  a  liquid  is  exposed  to  a  given  space  is  almost 
independent  of  the  amount  of  other  gases  and  vapors  pres- 
ent in  that  space — a  condition  which  is  commonly  summed 
up  by  saying  that  to  vapors  all  space  is  empty.  Under  given 
conditions  of  temperature  and  pressure,  a  given  space  can 
only  contain  a  certain  amount  of  a  vapor.  When  this  maxi- 
mum amount  is  present,  the  vapor  is  said  to  be  saturated. 
Below  this  point  the  vapor  is  said  to  he  unsaturated. 
There  is  no  hard-and-fast  line  between  gases  and  vapors. 
The  term  gas  is  usually  applied  to  those  bodies,  like  oxygen, 
hydrogen,  and  nitrogen,  that  may  be  liquefied  only  under 
very  high  pressure  and  at  very  low  temperature,  while 
the  term  vapor  is  reserved'  for  the  gaseous  state  of  those 
bodies,  such  as  water,  ether,  and  alcohol,  which  under  ordi- 
nary conditions  exist  as  liquids. 

185.  Critical  Temperature. — The  greater  instrumental 
facilities  that  have  been  brought  about  by  the  mechanical 
progress  of  recent  years  huve  made  many  remarkable  ex- 
periments possible.  Especially  has  it  enabled  us  to  study 
the  behavior  of  gases  under  great  pressure.  The  old  dis- 
tinction of  the  "  permanent  gases  "  has  been  broken  down 
completely,  since  every  one  of  them — oxygen,  hydrogen, 
nitrogen,  the  atmosphere  itself — has  been  reduced  to  the 
liquid  and  even  to  the  solid  state.  But  the  temperature 
must  always  he  taken  into  account.  These  experiments 
have  all  been  conducted  at  very  low  temperatures,  under 
conditions  therefore  which  rob  tho"  gases  of  a  large  part  of 
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their  molecular  energy.  It  has  been  found,  for  example, 
that  carbonic-acid  gas  (CO,),  which  can  readily  be  liquefied 
under  a  pressure  of  a  few  atmospheres,  can  not  be  liquefied 
at  all  if  the  temperature  be  above  31°  C.  Below  this  tem- 
perature, nnder  pressure,  the  substance  becomes  a  liquid ; 
31°  C.  is  therefore  spoken  of  as  the  critical  temperature  for 
carbon  dioxide.  It  is  probable  that  all  gases  have  such 
a  critical  temperature,  above  which  they  can  not  by  any 
amount  of  pressure  be  liquefied. 

186.  Boiling. — With  increasing  temperature,  vapors  exert 
an  increasing  pressure.     As  soon  as  this  pressure  becomes 
equal  to  the  Burrounding  atmospheric  pressure,  the  process 
of  boiling  takes  place,  which,  as  we  have  seen,  is  simply  the 
formation  of  vapor  throughout  the  liquid.     If  water  be 
heated  in  a  glass  fiask,  the  heat  being  applied,  of  course,  to 
the  bottom  of  the  flask,  it  will  be  noticed  that  the  first 
bubbles  produced  at  the  bottom  of  the  water  collapse  before 
they  reach  the  surface.     This  produces  the  well-known 
"singing"  which  is  familiar  to  every  watcher  of  the  tea- 
kettle.    In  spite  of  the  rapid  cur- 
rents, the  upper  layers  of  water  are        Wf        TN 
colder  than  those  below,  and  so      tMfM*''^!w/k 
condense  the  rising  bubbles.    When 
all  the  water  is  boiling  hot,  the  bub- 
bles reach  the  surface,  and  the  wa- 
ter boila  freely. 

After  the  water  has  been  boiling 
for  some  time  we  shall  have  all  the 
air  driven  out  of  the  flask,  and  only 
vapor  of  water  occupying  the  space 
above  the  water.  If,  now,  the  flask 
be  tightly  corked  and  inverted  in  a  v      im 

stand  over  a  suitable  trough,  we 

may  make  the  water  boil  again,  and  quite  tempestuously, 
by  pouring  cold  water  over  the  outside  of  the  fiask.  This 
result  is  ordinarily  bo  nnexpected  that  it  was  early  named 
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the  "  cnlinary  paradox,"  bat  in  realitj  it  is  very  easily  ex- 
plained. The  cold  water  chills  the  flask,  and  so  condenses 
the  vapor  of  water  inside.  This  greatly  reduces  the  pres- 
sure, and  consequently  the  boiling  point.  Though  now 
below  100°,  the  water  in  the  flask  is  still  highly  heated. 
The  cold  water  can  not,  of  course,  heat  the  water  in  the 
flask  up  to  the  ordinary  boiling  point,  but  it  can  and  does 
bring  the  boiling  point  down  to  the  temperature  of  the 
water. 

187.  Lawfl  of  Boiling  and  Table  of  Boiling  Pointi. 

1.  Under  a  given  pressure,  every  liquid  has  a  definite 
boiling  point. 

S.  When  the  boiling  point  Is  reached,  the  temperature 
remains  constant,  until  the  liquid  is  completely  vaporized. 

3.  The  pressure  of  the  vapor  giren  ofl  during  boiling  is 
equal  to  the  atmospheric  pressure. 

TABLE  OF  BOILING  POINIS. 

Sulphuric  acid 885° 

Mercury 853° 

Sulphur 440° 

Phosphoraa 890" 

18S.  Changes  in  the  Boiliag  Point — The  boiling  point  is 

so  characteristic  that  it  is  often  used,  particularly  in  organic 
chemistry,  to  determine  whether  we  have  to  deal  with  a 
single  liquid  or  a  mixture.  The  same  principle  is  made  use 
of  in  fractional  distillation.  By  keeping  the  temperature 
constant,  the  liquids  which  distill  over  will  be  mainly  those 
boiling  at  or  under  that  temperature.  Or  we  may  allow  the 
temperature  to  rise  at  will,  and  collect  the  vapors  given  off 
within  certain  limits,  such  as  80°  to  85°,  85"  to  90°,  etc. 
This  process  is  used  in  separating  the  lighter  constituents — 
benzine,  naphtha,  etc. — from  the  heavier  oils  in  ornde  petro- 
leum. Any  change  in  the  composition  of  a  liquid  at  once 
changes  its  boiling  point.  Pure  water  alone  boUs  at  100"  G- 
If  mixed  with  alcohol,  the  boiling  point  is  lowered.    If  there 
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ore  any  salts  in  Bolution,  the  boiling  point  ia  raiBed.  Com- 
mon aalt  may  be  dissolved  in  water  so  as  to  raise  the  boiling 
point  to  103°,  B&ltpeter  to  116°,  potaaaium  carbonate  to 
135°,  and  calcium  chloride  to  liS". 

The  range  in  boiling  points  is  very  great.     Liquefied, 
gases  boil  at  many  degrees,  even  hundreds  of  degrees  below 
aero,as  liqaidoxygen,at  — 180°C.     Light  liquids  boil  below  ' 
100°,  as  alcohol  at  ?8°,  and  benzine  at  80°.     Heavy  liquids  i 
boil  at  higher  temperatures,  as  mercury  at  350°.  j 

Bat  the  greatest  change  in  the  boiling  point  comes  from, 
variations  in  the  pressure.  This  is  but  natural,  since  boil- 
ing takes  place  when  the  vapor  pressure  equals  the  atmos- 
pheric pressure.  Water  boils  at  0°,  when  the  pressiire  is 
reduced  to  almost  nothing.  At  places  much  above  the  sea, 
water  boils  at  so  low  a  temperature  as  to  introduce  incoiL- 
veniences  into  the  kitchen.  Eggs  and  vegetables  boiled  in 
such  water  are  not  sufficiently  cooked.  Devices  are  used 
to  increase  the  boiling  point  by  either  adding  some  salt  to 
the  water  or  by  increasing  the  pressure  artificially.  On 
the  other  hand,  where  the  pressure  is  greatly  increased,  as 
in  the  boiler  of  a  locomotive,  the  boiling  point  may  even  be 
doubled.  Under  a  pressure  of  30  pounds  the  boiling  point 
rises  to  120°  C. ;  under  45  pounds,  to  134° ;  under  60  pounds, 
to  144° ;  under  75  pounds,  to  162° ;  under  90  pounds,  to  156° ; 
and  nnder  150  pounds,  to  180°.  If  the  pressure  upon  such 
a  body  of  superheated  water  be  suddenly  removed,  as  by  a 
leak,  the  water  bursts  into  steam,  and  we  have  an  explosion 
comparable  to  that  of  gunpowder.  - 

The  nature  of  the  containing  vessel  also  influences  the 
boiling  point.  Water  may  be  made  to  boil  several  degrees 
higher  in  a  glass  vessel  than  in  a  metal  one.  Under  favor- 
able conditions,  we  have  found  this  difference  as  great  as 
8°  C,  and  other  experimenters  have  even  reported  a  differ- 
ence of  6°.  For  this  reason,  thermometers  are  standardized 
for  100°  by  immersion  in  steam  rather  than  in  water.  (See 
Fig.  103.) 
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189.  Ztotenoloktioa  of  Altitude  by  Thermometer. — The 
lowering  of  the  boiling  point  of  water  by  decrease  of  pres- 
sure furnishes  a  means  of  measuring  height  by  the  ther- 
mometer. At  sea  level  the  boiling  point  is  100°  G.  The 
decrease  is  not  uniform,  but  in  general  it  may  bo  said  that 
a  lowering  of  the  boiling  point  1°  C.  indicates  an  ascent 
of  295  metres,  or  538  feet  for  1"  F. 

Altitude  =  895  (100  —  /)  metres. 

190.  fiatsration. — A  certain  volume  of  air,  or  the  same 
empty  space,  can  hold  only  a  given  quantity  of  vapor.  It 
is  then  said  to  be  saturated.  It  is  found,  however,  that 
this  quantity  increases  with  the  temperature,  and  that  the 
maximam  quantity  is  constant  only  for  a  given  tempera- 
ture. We  may  express  the  quantity  of  vapor  present  in 
the  atmosphere,  or  in  empty  space,  in  three  ways ; 

1.  By  stating  in  grams  the  absolute  weight  of  the  vapor 
present  in,  say,  one  cubic  metre- 

3,  By  expressing  the  relative  saturation  or  humidity — 
that  is,  the  actual  vapor  present  as  a  percentage  of  the 
maximum  vapor  that  might  be  present  at  that  temperature. 

3.  By  giving  the  vapor  tension. 

191.  Vapor  in  ths  Air— Dew  Point— The  most  import 
tant  application  of  these  principles  is  found  in  the  measure- 
ment of  the  water  vapor  present  in  the  atmosphere,  for 
upon  this  depends  so  many  climatic  and  hygienic  con- 
ditions. So  long  as  the  atmosphere  is  not  satnrated,  and 
is  not  chilled  at  any  one  point,  we  are  only  indirectly  con- 
scious that  there  is  any  moisture  present.  But  if  a  body 
of  moist  air  suffers  a  decrease  of  temperature,  the  actual 
amount  of  water  vapor  remains  the  same,  but  the  relative 
humidity  increases,  since  the  cool  air  is  nearer  to  its  point 
of  saturation.  If  the  cooling  proceed  far  enough,  the  point 
of  saturation  ia  reached,  and  moisture  thus  formed  is  known 
as  dew,  if  it  deposit  as  a  liquid  film  on  solid  objects ;  as 
frost,  if  it  deposit  as  a  solid  film  of  ice ;  as  cloud,  or  misl,  or 
fog,  if  it  deposit  as  liquid  particles  in  the  air ;  or,  finally, 
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as  snow,  or  sleet,  or  kail,  if  it  deposit  aa  a  solid  precipitate  in 
the  air.     The  temperature  at  which  such  precipitation  of 
moisture  takea  place  is  called  the  dew  point.    In  dry  air, 
the  dew  point  is  very  low,  since  the  air  must  be  greatly 
cooled  before  it  will  deposit-^ny  moisture. 
In  damp  air,  on  the  contrary,  the  dew  point 
is  very  high,  because  a  slight  cooling  causes 
a  precipitation  of  moisture. 

192.  Humidity. — A  variety  of  instrumentH 
are  used  for  measuring  the  amount  of  mois- 
ture in  the  air ;  among  others  are  the  wet- 
and  dry-bulb  thermometers. 

Two  thermometers  are  mounted  on  arms 
from  the  same  stand.     The  bulb  of  one  of 
them  is  covered  with  muslin,  kept  moist  by 
a  cotton  wick  le&iUng  from  a  glass  of  water. 
The  constant  evaporation  from  the  muslin 
reduces  the  temperature  and  makes  the  read- 
ing of  this  thermometer  lower  than  that  of 
the  free  one  (217).     But  the  rate  of  evapo- 
ration depends,  among  other  things,  upon 
the  amount  of  moisture  already  present  in 
the  atmosphere,  and  the  fall  in  the  wet-bulb     fio.  los.— We^ 
thermometer  will  therefore  be  an  indication       ^ermoraetere. 
of  the  hygroscopic  condition  of  the  atmos- 
phere.    The  relative  humidity  is  obtained  from  specially 
prepared  tables. 

193.  Bftinfall. — The  amount  of  precipitation,  or  the 
rainfall,  is  measured  in  English-speaking  countries  in 
inches.  The  annual  rainfall  is  the  depth  at  which  the 
total  rain  would  stand  had  it  fallen  on  a  perfectly  level  sur- 
face and  none  been  lost.  It  is  measured  by  means  of  a 
rain  gauge,  an  instrument  which  collects  the  precipitation 
over  a  given  area.  The  water  collected  is  poured  into  a 
tall  measuring  glass  of  small  diameter,  so  that  the  rainfall 
can  be  measnred  to  the  hundredths  of  an  inch. 
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There  are  places  in  the  interior  of  the  coDtioent,  in 
Death  Valley,  in  the  Sahara,  and  elsewhere,  which  have  no 
rain  the  year  round.  The  greatest  rainfall  is  supposed  to 
he  in  northern  India,  at  the  foot  of  the  Himalaya  Moan- 
tains,  where  it  amounts  to  over  600  inches.  In  the  English 
lake  district  the  rainfall  amounts  to  over  150  inches.  It  is 
only  24  at  London  and  Edinburgh,  yet  the  prevalence  of 
fog  makes  those  cities  seem  much  damper  than  onr  own. 
In  the  United  States  it  varies  over  a  wide  range.  It  is  about 
46  inches  in  oar  Eastern  seaport  cities.  The  following  table 
shows  the  annual  rainfall  in  a  number  of  localities : 


Boston,  Masa. 44.96 , 

New  York,  N.  Y 44.80 

Philadelphia,  Pa. 89.84 

Baltimore,  Md 43.95 

Washington,  D.  C 48.48 

Charleston,  S.  C 66.74 

New  Orleans,  La. 60,62 

8L  Louis,  Mo 41.08 

Chicago,  111 34.76 


St.  Paul,  Minn 27.47 

Denver.  Col 14.tf 

Santo  F6.,  New  Mexico 14.36 

Phmnii,  Ariz. 7J81 

San  Diego,  Cal 10.51 

Los  Angeles,  Cal 18.80 

San  Francisco,  Cal 13.71 

Seattle,  Wash 87.44 

Portland.  Ore. 46.83 


194.  HoiBture  and  Health,^The  humidity  of  the  air  has 
a  marked  influence  on  comfort  and  health.  Moisture  makes 
the  sensations  of  both  heat  and  cold  particularly  painful. 
In  the  dry  interior — in  Minnesota  and  Dakota,  for  example — 
a  temperature  of  —40°  F.  is  not  uncomfortable  if  the  wind 
bo  very  light,  while  in  damper  Eastern  climates  a  tempera- 
ture of  0°  F.  chills  US  through. 

On  the  other  hand,  our  methods  of  heating  buildings  in 
winter  make  the  air  too  dry  for  health  and  comfort.  It  is 
not  the  absolute  amount  of  moisture,  but  the  relative  amount 
with  reference  to  temperature— the  approximation  to  the 
dew  point — thiit  ie  to  be  considered  for  health  and  comfort. 
We  are  mo=it  comfortable  when  the  moisture  in  the  air  is 
from  fifty  to  seventy-five  per  cent  of  the  amount  required 
for  complete  saturation.  Prof.  R.  De  C.  Ward,  of  Harvard 
University,  says  our  houses  in  winter  liave  a  desert  climate. 
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The  mean  annual  humidity  at  Santa  F^  is  44.8  per  cent. 
The  humidity  in  our  houses  in  winter  time  is  frequently 
30  per  cent,  while,  at  the  same  time,  the  humidity  out- 
doors may  be  71  per  cent. 

195.  ninftiatlaiu. — The  air  exhaled  from  the  lungs,  or 
the  "  breath,"  as  we  call  it,  is  warm  and  moist ;  warm  from 
the  bodily  heat  and  moist  from  the  evaporation  that  takes 
place  from  the  internal  pores.  If  the  surrounding  air  be 
cold,  the  moisture  in  the  breath  precipitates  as  a  mist,  and 
we  have  the  phenomenon  known  as  "  seeing  onr  breath." 
In  summer  time,  the  air  being  more  moist  then,  a  glass  of 
cold  water,  or  an  ice  pitcher,  becomes  covered  with  dew,  and 
some  people  wonder  how  the  water  ever  got  through  the 
glass  or  the  pitcher,  but  we  soon  learn  that  the  water  did 
not  come  through  at  all.  It  deposited  from  the  sorround- 
ing  air.  This  was  cooled  to  the  dew  point  by  contact  with 
the  cold  glass  or  pitcher,  and  so  had  to  deposit  some  of  its 
moisture. 

On  a  cool  morning  in  spring  or  fall,  or  on  s  damp  morn- 
ing in  summer,  we  find  a  fine  deposit  of  dew  on  the  grass, 
on  cobwebs,  stones,  boards,  and  other  objects.  These  cool 
more  rapidly  than  the  surrounding  air,  and  bo  have  a  lower 
temperature ;  hence  the  deposit  of  dew.  Again,  on  a  damp 
day,  a  few  strokes  of  the  air  pump  will  so  far  expand  and 
cool  the  air  in  the  receiver  that  a  noticeable  mist  will  be 
produced. 

Tyndall  mentions  that  on  one  occasion,  when  a  ball  was 
in  progress  at  the  Winter  Palace  in  St.  Petersburg,  the 
rooms  became  overheated,  and  the  outside  doors  were 
thrown  open.  The  very  cold  air  that  rushed  in  chilled  the 
warm,  moist  air  to  such  an  extent  that  the  precipitated 
moisture  froze  and  fell  as  snow.  The  same  phenomenon 
has  been  known  to  take  place  in  large  train  sheds.  The 
hot,  moist  air  from  the  locomotives,  rising  into  the  cold 
air  in  the  upper  regions  of  the  sheds,  produces  a  alight 
snowfall. 
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In  Nature,  the  precipitation  of  moistnre  is  seen  on  &11 
Bidee.  The  air  directly  over  a  river  or  lake  is  moist.  When 
this  air  is  chilled  by  other  air  currents,  the  moisture  pre- 
cipitates, and  often,  in  the  early  morning,  if  one  is  on  top 
of  a  mountain,  the  course  of  a  neighboring  river  can  be  dis* 
tinctly  traced  by  the  serpentine  line  of  fog.  A  very  hot 
day  gives  rise  to  generous  evaporation  on  all  sides,  and  the 
afternoon  of  such  a  day  is  apt  to  see  heavy  thunder  clouds 
and  showers.  The  phenomenon  of  regular  fog  precipitation 
is  perhaps  nowhere  better  seen  than  in  southern  CaIiform&. 
The  air  presses  eastward  across  California,  to  replace  the 
hot  air  of  the  arid  regions  in  the  southeastern  part  of  the 
State  and  in  western  Arizona.  This  air  comes  oft  the 
Pacific,  and  is  therefore  moist.  As  it  chills,  the  moisture 
falls  out  as  a  heavy  fog,  which  may  trail  eastward  from  the 
coast  for  several  miles. 

The  same  thing  ia  seen  in  the  cloud  banners  that  attach 
to  some  of  the  slender  mountain  peaks  in  the  Alps,  such  as 
the  Matterhorn.  The  moist  air  blowing  against  these  cold, 
needle-like  summits  is  sufficiently  chilled  to  deposit  its 
moisture.  The  cloud  thus  formed  trails  off  from  the  moun- 
tain as  a  long,  graceful  banner,  and  takes,  of  course,  the 
direction  of  the  wind.  Such  a  clond  may  appear  constant 
for  several  hours,  although  it  is  continually  making  and 
unmaking — making  at  the  mountain,  and  unmaking  at  the 
end,  by  dissolving  into  the  air  again. 

The  formation  of  dew  and  frost  depends  largely  upon 
the  clearness  of  the  atmosphere.  (This  will  be  explained  in 
section  203.)  On  a  cloudless,  quiet  night,  the  deposit  will 
be  comparatively  heavy.  Plants  and  other  objects  part  with 
their  heat  more  freely  on  such  a  night.  A  very  thin  covering, 
such  as  a  piece  of  paper,  by  preventing  the  escape  of  heat, 
will  prevent  dow  from  collecting  upon  an  object.  Note 
that  it  ia  not  that  the  paper  collects  the  dew  which  would 
fall  upon  the  object,  but  that  the  paper  prevents  the  object 
from  cooling  so  as  to  collect  dew  from  the  air  which  touches 
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it.  Compare  this  with  the  way  an  ice  pitcher  collects  dev. 
On  a  cloudy  night  there  is  much  less  deposit,  because  the 
clouds  act  as  the  paper  screen.  If  a  wind  is  blowing,  there 
IB  also  less  chance  for  deposit,  since  the  air  does  not  remain 
long  enough  in  contact  with  the  earth  to  become  chilled. 
On  cloudy,  windy  nights,  there  is  rarely  either  dew  or  frost. 
196.  Condensation,  Bolidificatios,  and  Crystallization. — 
These  processes  are  the  opposite  of  vaporization  and  melt- 
ing, and  are  always  accompanied  by  the  giving  out  of  heat. 
Any  change  in  matter  which  makes  it  more  mobile,  as 
melting,  solution,  vaporization,  takes  in  heat;  while  any 
change  which  makes  it  less  mobile  gives  out  heat.  (Sec- 
tions 'ZIB  and  219.) 
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CHAPTER   XX 

HOW  aXAT  IS    TBAirSrSRltSD 

197.  General  Statement.— The  transference  of  heat  means  | 
eimply  the  transference  of  molecular  motion  from  one  body 
vibrating  with  a  given  intensity  to  another  body  Tibrating J 
with  a  lees  intensity.  It  ia  a  transfer  of  energy  in  precisely 
the  same  way  that  mechanical  reaciions  are  transfers  of 
mass  energy.  There  are  many  ways  by  which  mass  energy 
may  be  transferred  from  one  body  to  another,  as  we  saw  in 
studying  machines.  There  are  three  ways  by  which  heat 
may  be  transferred  from  one  body  to  another — conduction, 
convection,  and  radiation, 

198.  Condootioi). — This,  although  the  least  effective,  is  a 
very  common  way  by  which  heat  is  diffused.  If  a  stout 
iron  wire  have  one  end  placed  in  a  fire  or  other  source  of 
heat  until  it  become  red  hot,  we  notice  that  the  heat  ap- 
pears to  travel  along  the  wire,  and,  if  the  wire  is  not  too 
long,  affects  the  distant  end  perceptibly.  Since  the  mole- 
cules are  not  free  to  move  along  the  length  of  the  wire,  but 
are  only  free  to  vibrate  within  very  narrow  limits,  it  mnst 
be  that  the  motion  is  passed  along  the  wire  from  molecule 
to  molecule,  just  as  a  blow  may  be  passed  along  a  line  of 
boya,  each  boy  receiving  a  blow  from  one  neighbor  and 
passing  it  on  somewhat  diminished  (we  will  say)  to  the 
neighbor  on  the  other  side.  We  thus  have  at  one  end  of 
onr  wire  molecules  so  excited  that  they  are  red  hot,  and  at 
the  other  end  molecules  that  are  comparatively  cool.  But 
two  molecules  in  different  states  of  motion  can  not  exist 
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ride  by  side  without  an  interchange  taking  place,  and  some 
moTement  toward  equilibrium.  So  the  tendency  is  for  the 
wire  to  become  equally  hot  throughout  its  length,  and  for 
the  stream  of  heat-motion  to  continue  Sowing  from  the  hot 
to  the  cold  end  until  this  equilibrium  ia  brought  about. 

If  there  were  ho  loss  of  heat,  the  wire  would  in  reality 
become  red  hot  throughout  its  entire  length,  whatever  that 
might  be.  But  meanwhile  the  wire  is  in  contact  with  the 
cooler  air,  and  must  give  up  its  heat  to  that  as  well  as  to 
the  colder  portions  of  its  own  length.  Consequently,  if  the 
wire  be  long  enough,  there  will  be  a  point  where  the  loss 
and  gain  just  equal  each  other.  Heat  will  consequently 
flow  from  the  source  to  this  point,  and  the  wire  will  show 
diminiBbing  heat  intensity.  Beyond  this  point  the  wire 
will  have  the  same  degree  of  heat  as  the  surrounding  air. 

We  might  define  conduction,  then,  as  a  transference  of 
heat  from  molecule  to  molecule,  and  limited  mainly  to  solid 
bodies.  There  is  slight  conduction  among  the  molecules  of 
fluids,  but  the  mobility  of  the  molecules  makes  it  possible 
for  them  to  be  the  direct  carriers  of  heat  without  passing  it 
along  molecule  to  molecule,  as  in  the  case  of  the  more  rigid 
solids. 

Solids  and  fluids  differ  much  in  their  conducting  power. 
In  general,  the  more  compact  the  structure,  the  greater  the 
conductivity.  Hence  the  metals  are  the  best  conductors; 
wood  and  stone  are  poor  conductors,  and  fibrous  materials, 
sach  as  far,  felt,  and  cloth,  which  contain  many  air  spaces, 
are  bad  conductors.  The  best  conductor  we  have  is  silver ; 
the  worst  conductor,  air.  The  following  table  arranges  the 
metals  in  order  of  diminishing  conductivity  relative  to 
silver : 

Siker. 1.000  Iron 110 

Copper 736  Steel 116 

Gold .133  Lead .085 

Brasfc 231  Platinum 084 

Zinc 190  Bismuth .018 
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There  are  man;  practical  iraja  of  showing  the  ditFerent 
coudacting  power  ol  the  metaU.  Thua  wires  of  different 
metals  are  fastened  in- 
to the  side  of  a  water- 
tight box,  as  shown 
in  Fig.  109,  and  are 
coated  with  wax  along 
Fio.  loe.-ConductJon.  ^he    projecting    ends. 

When  boiling  water  is 
ponred  into  the  box,  the  unequal  melting  of  the  wax  shows 
the  unequal  conductivity  of  tie  metals. 

Liquids  are  very  poor  conductors.  A  teat  tube  full  of 
water  may  be  made  to  boil  in  the  upper  portions,  while  the 
lower  portions  are  quite  cool. 

199.  ApplioatioM.— There  are  hundreds  of  daily  applica- 
tions of  these  principles.  Tlie  non-conductors  are  used  either 
to  keep  heat  out  or  to  keep  it  in.  In  the  former  case,  as  in 
ice-houses,  the  walls  are  made  of  brick,  straw,  sawdost, 
aehee,  etc.,  and  serve  to  keep  out  heat.  But  more  freqaently 
non-conductors  are  used  to  keep  the  beat  in.  In  buildings, 
both  of  brick  and  of  wood,  a  hollow  air  chamber  is  allowed 
between  the  outer  and  the  inner  walls,  since,  as  we  have 
seen,  air  is  the  poorest  conductor.  For  the  same  reason, 
double  windows  keep  out  the  cold,  not  so  much  by  guarding 
us  from  currents  of  air  as  by  interposing  an  air  chamber. 
The  same  principles  obtain  in  our  clothing.  Loose,  fibrous 
materials  and  loose  garments  are  warmer  than  close,  tight- 
fitting  goods.  Flannel  blankets  are  warmer  when  new,  and 
before  the  fibers  have  been  closely  matted  together.  The 
Norwegian  cooking  box  is  another  application.  It  is  made 
of  wood  and  lined  with  felt.  A  covered  metal  pail,  con- 
taining water  and  the  joint  of  meat  boiling  hot,  is  placed 
inside  the  cooking  box,  and  the  whole  carefully  closed. 
The  loss  of  heat  is  very  slow,  and  the  cooking  process  goes 
on  for  several  hours  without  the  application  of  any  addi- 
tional outside  heat. 
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The  furnace  in  the  basement  for  heating  houses  is  mere- 
ly &  large  iron  stove,  around  which  a  wall  of  brick  ia  bnilt  to 
preTent  the  heat  from  passing  out  into  the  cellar.  If  it  is 
a  "hot-air"  furnace  or  a  "hot-water  heater,"  its  heat  is 
carried  to  all  parts  of  the  building  by  a  process  to  be  dis- 
cussed in  the  next  section.  It  it  is  a  "  steam-heater,"  its 
heat  is  stored,  distributed  about  the  building,  and  recovered 
by  processes  to  be  discnssed  in  sections  313  and  218.  The 
ducts  which  carry  the  hot  air,  hot  water,  or  steam  about  the 
building  are  incased  in  brick  walls,  where  that  is  possible, 
to  prevent  the  loss  of  their  heat  in  transmission.  Where 
these  ducts  pass  through  the  open  basement,  they  are  some- 
times covered  with  non-conducting  material  of  loosely 
woven  hair  or  felt.  Wrapped  with  this  covering,  steam 
pipes  are  frequently  carried  long  distances  underground 
to  heat  remote  buildings.  In  comparison  with  other  mate- 
rials, the  earth  is  not  a  very  bad  conductor,  and  yet  con- 
duction is  each  a  poor  method  of  diffusing  heat  that,  as 
has  already  been  said,  although  heat  so  intense  exists  b&- 
neath  the  surface  as  to  fuse  the  rocks,  yet  that  heat  does 
not  penetrate  to  the  surface  sufficiently  to  effect  a  rise  in 
temperature  of  one  thirty-sixth  of  a  degree. 

Water  pipes  are  laid  a  few  feet  underground  to  prevent 
them  from  freezing  in  winter — that  is,  the  earth  is  a  suffi- 
ciently poor  conductor  to  prevent  the  heat  from  passing  out 
of  the  water  to  such  an  extent  that  it  may  freeze.  (It  is 
better  to  state  it  thus,  than  to  speak  of  cold  passing  in 
through  the  earth  to  the  pipes ;  just  as  we  speak  of  light 
coming  into  a  room  through  a  window,  but  do  not  speak 
of  darkness  doing  the  same.)  We  should  remind  ourselves 
that  all'  things  have  some  heat,  and  that  when  things  grow 
cold  they  are  simply  losing  some  of  their  heat. 

We  sometimes  ride  in  an  open  carriage  in  the  coldest 
weather  and  are  quite  comfortable,  because  we  wrap  our- 
selves in  what  we  call  warm  clothing  and  blankets.  We 
sleep  in  cold  rooms  comfortably,  or  may  be  even  too  hot, 
^^ 
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aoder  oar  "  warm  "  blankets.  Nov,  they  are  not  warm  at 
all — indeed  they  are  just  the  temperature  of  all  other 
things  aronnd  them,  so  that  if  we  wrap  a  thermometer  up 
in  "  warm "  clothee  or  blankets  it  will  not  show  the  least 
bit  of  rise  in  temperature.  In  order  that  our  ideas  may 
be  clear  we  should  use  some  other  word  than  warm  to 
describe  these  coverings.  What  we  need  is  some  word  like 
non-conducting,  which  wonld  imply  that  they  keep  the 
heat  of  our  bodies  from  passing  oS.  Onr  bodies  generate 
at  all  times  a  great  deal  more  heat  than  we  need.  It  is 
only  necessary  that  we  regulate  the  outflow  of  this  heat  so 
that  the  temperature  of  our  vital  organs  may  be  always 
about  98°  ¥.,  night  and  day,  summer  and  winter,  at  work 
or  at  rest. 

The  chemical  action,  which,  as  was  said  in  section  160, 
produces  heat  in  piles  of  green  grass,  new  bay,  piles  of  oily 
cotton  waste,  etc.,  is  very  slow  and  produces  very  little 
heat  per  hour,  but  these  substances  are  such  poor  conduc- 
tors that  the  heat  is  uot  allowed  to  pass  off,  and  it  is  pos- 
sible tor  it  to  accumulate  until  it  reaches  the  kindling  tem- 
perature of  the  substance,  when  "  spontaneous  "  combustion 
will  take  place. 

Snow  protects  vegetation  in  winter  from  killing  frost& 
It  must  be  remembered  that  solutions  do  not  freeze  as 
readily  as  pure  water,  and  therefore  the  juices  of  plants 
will  not  freeze  at  SZ"  F,  While  the  snow  can  not  enable 
the  plants  to  rise  above  that  temperature,  it  does  prevent 
them  from  falling  much  below  it;  among  other  reasons, 
because  being  filled  with  air  spaces  it  is  a  very  poor  con- 
ductor. 

200.  ConveotioiL — This  practically  means  the  transfer  of 
heat  by  the  transfer  of  the  heated  body  itself.  Fluids  are 
heated  almost  entirely  by  this  process.  If  we  consider  the 
heating  of  water  in  a  teakettle,  or,  better  still,  in  a  glues 
beaker,  where  we  can  see  what  is  going  on,  we  shall  notice 
that  the  whole  fluid  is  in  a  state  of  constant  motion.     A 
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little  sawdust  in  the  water  will  make  the  action  plainer. 
The  source  of  heat  ie  under  the  beaker  (Fig.  110),  and  the 
bottom  is  naturally  the  hot- 
test part.     The  water  di- 
rectly in  contact  with  this 
becomes    heated,   expands, 
and  in  so  doing  grows  light- 
er.   The  colder,  heavier  wa- 
ter, therefore,  presses  down 
under  this  and  buoys  it  up 
toward  the  surface.    As  soon 
as  this  becomes  cooled  and  the  other  hot,  another  overturn- 
ing occurs,  and  so  the  process  goes  on  until  the  whole  mass 
of  water  is  heated  to  the  boiling  point,  if  the  source  of  heat 
be  intense  enough,  or  to  the  point  where  loss  and  gain  of 
heat  just  balance.    In  the  same  way  a  stove  or  a  steam  radi- 
ator warms  the  air  of  a  room.     The  air  is  such  a  poor  con- 
ductor that  we  should  be  badly  off  if  we  had  to  depend 
npon  its  passing  along  the  heat  to  us  by  conduction.     In 
reality,  the  air  in  contact  with  the  stove  or  radiator  becomes 
heated  and  is  buoyed 
up  by  colder,  heavier  ;C^. 

air. 

This  is  iUnstrated 
by  Fig.  111.  We  may 
think  of  the  air  in 
the  pasteboard  box  as 
a  pair  of  scales  with 
columns  of  air  of  ' 
equal  weight  stand- 
ing  upon  either  scale 
pan.  A  candle  is 
lighted  at  the  bottom 
of  column  a,  which  expands  it  and  drives  a  portion  of  the 
air  out.  What  remains  is  no  longer  heavy  enough  to  bal- 
ance the  weight  of  the  column  b,  and  it  pushes  down  and 


Fig.  111.— Con' 


184  PHYSICS 

forces  a  moTement  of  air  through  the  box  and  ap  a,  vhich 
continues  as  long  as  the  heat  is  supplied  by  the  candle. 

The  upper  part  of  a  room  is  warmest  and  may  be  many 
degrees  above  the  air  near  the  floor.  We  notice  it  very 
plainly  if  we  have  occasion  to  climb  ap  on  a  stepladder  to 
hang  a  picture.  If  we  set  the  door  of  a  room  sjar,  we  may, 
by  means  of  a  candle  flame,  sliow  that  currents  of  air  (cold 
air)  are  coming  in  at  the  bottom  and  currents  of  air  (warm 
air)  are  going  out  at  the  top  of  the  door. 

If  a  room  is  to  be  ventilated  by  the  windows,  the  best 
way  is  to  make  a  small  opening  at  both  top  and  bottom, 
since  this  promotes  convection  currents. 

This  principle  of  convection  Is  of  the  utmost  impor- 
tance in  Natare.  It  ie  the  great  source  of  movement  in  the 
atmosphere.  The  unequal  beating  of  the  air  above  land 
and  sea  creates  onr  so-called  land  and  sea  breezes.  The 
greater  heat  at  the  tropics  causes  the  air  there  to  expand, 
and  in  consequence  the  colder  sir  from  polar  latitudes 
pushes  in  and  takes  its  place.  This  action,  combined  with 
the  earth's  daily  rotation,  is  the  source  of  those  permanent 
air  movements  known  as  the  trade  winds. 

The  heating  of  water  by  convection,  and  the  resulting 
convection  currents  in  oceans  and  lakes,  are  great  equal- 
izers of  temperature  the  world  over.  By  conTection  we 
heat  the  water  in  the  kitchen  boiler  from  the  stove.  By  a 
similar  process  houses  are  heated  by  hot  water.  The  hot- 
air  furnace  is  dependent  upon  convectiqn  to  convey  its 
heat  over  the  house ;  and  many  methods  of  ventilation 
depend  upon  this  way  of  promoting  air  currents. 

201.  Radiation, — This  third  process  of  transferring  heat 
is  different  from  either  conduction  or  convection.  It  is  so 
closely  allied  to  the  propagation  of  light  that  we  shall  con- 
sider it  at  length  when  we  come  to  take  up  the  mechanics 
of  the  ether.     We  shall  discuss  it  here  rather  briefly. 

Consider  how  we  get  heat  from  a  fire  on  the  hearth. 
Evidently  it  is  not  brought  to  us  by  conduction,  for  air 


How  HEAT  18  TRANSPEERED  185 

IB  almost  BQ  absolute  noD-conductor.  Neither  can  it  reach 
us  by  coDvectioD,  for  all  the  air  currents  move  from  as 
toward  the  fireplace,  and  up  the  chimney.  Indeed,  it  is 
found  that  the  heat  would  reach  ns  quite  as  well,  and  even 
better,  if  there  were  no  air  or  any  other  substance  between 
ns  and  the  fire.  The  sun,  and  every  other  heated  body, 
appears  to  give  off  heat  in  all  directions  throughout  space. 
\'et  we  believe  that  heat,  being  molecular  motion,  can  not 
exist  apart  from  matter,  and  consequently  we  think  it  can 
not  be  transmitted  as  heat  through  space.  Space  reacts  aa 
if  it  were  filled  with  some  medium,  neither  gaseous  nor 
liquid,  but  having  some  properties  of  a  solid.  The  more 
we  study  the  phenomena  of  space,  the  more  we  seem  com- 
pelled to  assume  that  all  space  is  filled  with  a  very  tenuous 
medium  called  the  ether,  which  is  capable  of  transmitting 
a  variety  of  wave  motions,  some  of  which  beget  heat,  some 
light,  and  some  electrical  phenomena,  upon  reaching  the 
earth.  Hot  bodies  are  supposed  to  be  able,  by  means  of 
molecular  motions,  to  set  up  vibrations  in  the  ether,  and  the 
ether  is  capable  of  setting  up  molecular  motions  in  bodies  of 
matter.  Heat  transferred  by  radiation  is  supposed,  there- 
fore, to  be  transferred  by  a  wave  motion  of  the  ether.  It  is 
called  radiant  heat,  because  it  goes  out  in  all  directions 
through  space  in  straight  lines  or  radii,  which  have  their 
center  in  the  heated  body.  This  wave  motion  has  a  velocity 
of  about  186,000  miles  per  second,  and  for  such  distances  as 
we  have  to  deal  with  on  the  earth,  may  be  considered  in- 
stantaneous. 

All  matter  with  which  we  are  acquainted  radiates  ether 
WHTee,  because  all  substances  have  some  heat— that  is,  mo- 
lecular motion  -,  so  that  every  portion  of  matter  is  radiating 
heat  to  every  other  portion  of  matter.  The  hotter  one* 
radiate  more  abundantly  than  the  cooler  ones,  and  thus 
tend  to  bring  about  a  state  of  equilibrium.  Moisture  in 
the  air  converts  ether  waves  into  heat.  If  we  go  up  into 
the  npper  regions  of  our  atmosphere,  either  upon  a  mono- 


-iooglc 


186  PflTSKS 

tain  top  or  in  a  ballooD,  There  there  is  Bcaroely  any  moist- 
ure, we  fiud  that  the  sun's  rays  produce  intense  heat  in  us, 
but  the  sir  about  ne  is,  neTertheless,  extremely  cold.  Tyn- 
dall  says :  "  A  joint  of  meat  might  be  roasted  before  a  fire 
with  the  air  around  the  joint  as  cold  aa  ice.  The  aif  on 
high  mountains  may  be  intensely  cold,  while  a  burning  sun 
is  overhead ;  the  solar  rays  which,  striking  on  the  human 
skin,  are  almost  intolerable,  are  incompetent  to  heat  the 
air  sensibly,  and  we  have  only  to  withdraw  into  perfect 
shade  to  feel  the  chill  of  the  atmosphere.  I  never,  on  any 
occasion,  suffered  so  much  from  solar  heat  sa  in  descend- 
ing from  the  '  Corridor '  to  the  Grand  Plateau  of  Mont 
Blanc,  on  August  13, 1857.  Though  Mr.  Hirst  and  myself 
were  at  the  time  hip-deep  in  enow,  the  son  blazed  against 
us  with  unendurable  power.  Immersion  in  the  shadows  of 
the  Dome  du  Goute  at  once  changed  our  feelings,  for  here 
the  air  was  at  freezing  temperature.  It  is  not,  however, 
sensibly  colder  than  the  air  through  which  the  sunbeams 
passed ;  and  we  suffered,  not  from  the  contact  of  hot  air, 
but  from  radiant  heat,  which  had  reached  us  through  an 
icy  cold  mediiun." 

A  hot  body,  by  its  molecular  motion,  sets  up  ether 
waves.  These  ether  waves  may  be  sent  through  a  lens  cut 
out  of  ice  and  focused  upon  pajier,  there  to  sot  up  those 
,  molecular  motions  which  we  call  heat  and  set  fire  to  the 
paper.  It  was  heat  in  the  radiating  body,  and  it  became 
heat  again  in  the  body  or  bodies  which  received  it,  bat  it 
was  not  heat  in  passing. 

303.  Ab6orptiaii,  Badiatioa,  and  Befleotum. — When  ether 
waves  impinge  upon  matter,  one  or  more  of  three  things 
must  happen:  1.  They  may  be  transmitted  without  pro- 
ducing any  effect  upon  the  substance.  This  not  only  hap- 
pens with  dry  air,  but  it  may  also  happen  with  certain 
liquids,  and  even  solids.  2.  They  may  be  reflected  wholly 
or  in  part.  3.  They  may  set  up  molecular  motions  (heat) 
in  the  substance,  wholly  or  in  part.     This  is  called  absorp- 
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tion.  The  law  of  the  conaervation  of  energy  obtainB  here. 
Suppose  we  put  a  glass  screen  between  na  and  the  fire,  and 
that  ninety  per  cent  of  the  radiant  energy  which  falls  upon 
the  glass  is  converted  into  heat,  then  the  remaining  ten  per 
cent  mnst  be  accounted  for  as  transmitted  or  reflected.  It 
mnst  also  be  remembered  that  all  of  the  ninety  per  cent 
which  was  converted  into  heat  will,  by  molecular  motions 
in  the  body,  set  up  again  an  exactly  equivalent  amount  of 
ether  vibration  and  then  radiate  oS  again.  The  power  to 
arrest  ether  waves  and  convert  them  into  heat  varies  much 
with  different  substances.  A  piece  of  zinc  will  protect 
woodwork  from  the  heat  of  a  stove  better  than  a  sheet  of 
asbestos  can  do  it,  because  the  zinc  reflects  back  most 
of  the  ether  waves  which  strike  it,  while  the  asbestos  con- 
verts a  very  large  portion  of  them  into  heat  and  will  scorch 
the  paint  or  the  wood  underneath  it.  Indeed,  the  thinnest 
coating  of  metal,  like  gilt  lettering,  will  protect  wood  from 
the  heat  of  the  stove,  while  ordinary  paint,  no  matter  what 
color,  so  far  from  protecting  it,  converts  the  ether  waves 
into  heat  and  scorches  the  wood.  For  this  reason  waterin 
a  clean  metal  dish  before  the  fire  will  not  heat  as  rapidly 
as  water  in  a  metal  dish  that  has  been  smoked  or  coated 
with  varnish,  enamel,  etc.  In  the  first  case  the  waves 
which  come  to  the  dish  are  reflected,  and  in  the  second 
case  they  are  converted  into  heat  and  raise  the  tempera- 
ture of  the  water.  If  hot  water  is  poured  into  these  two 
kinds  of  vessels,  its  heat  will  radiate  out  from  the  coated 
metal  vessel  faster  than  from  the  other,  and  a  thermometer 
will  show  a  more  rapid  loss  of  temperature.  In  general, 
those  forms  of  matter  whose  molecules  are  most  readily  set 
in  motion  by  the  ether  waves  (good  absorbers)  are  beat 
capable  of  setting  up  ether  waves  by  their  molecular 
motions  (good  radiators). 

303.  Kelation  of  Heat  and  Light.— When  we  watch  an 
iron  ball  slowly  heated  until  it  gives  out  light — first  a  dull 
red  and  afterward  a  bright  light — we  very  naturally  are  led 
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to  BUspect  that  heat  and  light  are  closely  skin  to  one 
'another.  This  we  shall  find  to  be  true  when  we  study 
light,  and  we  shall  then  learn  in  what  their  kinship  consigts. 
It  is  sufficient  at  present  to  say  that  it  is  analogous  to  the 
relation  which  exists  hetween  sounds  of  low  pitch  and 
those  of  high  pitch.  The  sun  sends  us  both  kinds  of  ether 
wares — those  which  give  us  the  sensation  of  light  and 
those  which  give  us  the  sensation  of  heat.  One  is  readily 
converted  into  the  other.  Dry  air  is  perfectly  transparent 
to  both  kinds  of  rays,  but  the  moisture  of  our  atmosphere 
absorbs  most  of  the  heat-producing  rays.  The  moisture 
radiates  this  heat  in  all  directions,  and  thus  a  large  portion 
of  it  passes  off  into  space  again  without  ever  reaching  the 
earth.  Waves  which  give  us  the  sensation  of  light  pass, 
without  much  loss,  through  the  air  to  the  earth,  where  they 
are  partly  reflected  again  into  space,  but  for  the  most  part 
are  absorbed  and  converted  into  heat.  This  heat  sets  up 
ether  waves  of  the  heat-producing  kind  which  would  pass 
oS  into  space  if  the  moisture  of  the  air  did  not  arrest  them, 
absorb  them,  and  radiate  a  portion  of  them  back  again. 
Thus  it  will  be  seen  that  the  moisture  of  our  atmosphere 
acts  as  a  sort  of  valve  to  entrap  sunlight  and  warm  the 
earth.  What  the  moisture  of  the  air  is  to  the  earth,  the 
glass  is  to  the  "  hot  bed  "  in  the  garden,  or  the  glass  roof 
to  the  greenhouse.  Indeed,  the  same  thing  is  true  in  a 
measure  of  a  shingle  roof,  or  any  kind  of  cover,  as  for 
example  an  umbrella ;  for,  however  opaque  these  coverings 
may  appear  to  the  eye  to  be,  they  are  in  reality  transparent 
to  a  large  number  of  the  rays  which  come  from  the  sun 
and  produce  heat  in  objects  upon  the  earth  ;  but  these  same 
coverings  are  opaque  to  the  rays  which  tliese  warm  objects 
upon  the  earth  send  out,  and  they  prevent  them  from  pass- 
ing off  again  into  space.  A  covering  of  snow  protects  the 
crops  in  the  same  manner  that  a  "  hot  bed  "  protects  yonng 
plants ;  although  it  can  not  raise  the  temperature  above 
32°  F.,  it  does  prevent  it  from  falling  below  that  degree, 
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and  there  are  man;  plante  to  which  thia  temperatore  is  not 
injurious. 

Because  different  BubBtances  differ  in  their  power  of 
radiating,  no  two  things  are  likely  to  be  of  the  aame  tem- 
perature. This  is  why  dew  and  frost  collect  more  upon 
some  things  than  upon  others,  and  they  thus  tell  us  which 
things  are  the  best  radiators.  It  should  be  noted  that  dew 
and  frost  collect  more  upon  the  grass  than  upon  the  bare 
ground.  Which  of  these  spots  is,  therefore,  the  best  ab- 
sorber of  the  sun's  raya  P  From  which  will  a  thin  layer  of 
BQow  disappear  sooner?  Why  does  earth  sprinkled  upon 
snow  melt  away  the  snow  from  underneath  it? 

In  Sahara  the  cold  at  night  and  the  heat  by  day  are 
equally  painful  to  bear.  Whenever  the  climate  is  dry  the 
daily  range  of  temperature  is  great.  This  is  the  marked 
difference  between  mountainons  or  interior  climate,  and 
that  by  the  sea  or  other  bodies  of  water. 

A  piece  of  paper  will  prevent  the  loss  of  heat  from  a 
plant  during  the  night,  so  that  a  thermometer  may  stand 
10"  higher  under  the  paper  than  outside. 

The  clouds  act  like  this  paper  screen,  and  hence  we 
have  more  dew  or  frost  at  night  when  the  sky  is  clear  than 
when  it  is  oTercast.  Indeed,  a  thermometer  will  rise  and 
fall  at  night  as  a  cloud  is  passing  over. 

A  thermometer  resting  on  the  grass  at  night  has  been 
found  to  be  14°  lower  than  one  suspended  four  feet  above  it. 

Painted  metals  will  collect  more  dew  than  bright  metals. 
This  is  merely  a  question  of  temperature,  as  the  thermom- 
eter will  show. 

204.  Radiometer. — This  consists  of  a  glass  globe  from 
which  nearly  all  the  air  has  been  removed.  A  light  vane, 
made  of  tiny  mica  plates  mounted  on  an  aluminium  frame, 
is  so  arranged  that  it  is  free  to  rotate  on  the  steel  pivot  in 
the  center  of  the  globe.  One  face  of  each  mica  plate  is 
darkened  with  lampblack.  When  the  radiometer  is  exposed 
to  radiant  energy  coming  from  the  sun,  or  from  a  cup  of 
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hot  water,  or  the  warm  hands  of  a  perBon,  the  little  rane 
begins  to  rotate,  spinning  the  more  rapidly  as  the  radia- 
tion is  greater.  The  darkened 
faces  absorb  more  heat,  and 
the  straggling  air  particles 
coming  in  contact  with  these 
faces  are  themselyes  heated 
and  fly  off.  The  reaction 
Bends  the  vane  in  the  opposite 
direction,  and  so  it  spins  on 
itB  pirot,  the  darkened  face 
in  the  rear.  If  a  tin  cap  be 
smoked  on  one  side,  filled 
with  hot  water  and  held  near 
the  radiometer,  we  may  show, 
by  turning  the  cup  about,  that 
the  blackened  side  radiates 
more  heat  than  the  bright 
metal  side.  We  may  now 
^  cover  the  bright  metal  side 
with   white  paint  and   show 

,,„    „  ^,      .  that   it   radiates   as  well  as 

Fig.  112.— Badlomttcr.  ,  ,,     ,  ,— 

lampblack.  The  power  to 
absorb  is  always  equal  to  the  power  to  radiate,  and  the 
white  paint  absorbs  heat-radtalion  as  readily  as  lampblack 
does,  but  this  is  not  true  for  light-radiation,  of  which,  as 
we  know,  the  white  reflects  more. 
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CHAPTER  XXI 

CAZOBOfSTRT  AND  SPECSnC  BEAT 

205.  Heaaarement  of  Heat. — Keat,  like  all  forms  of  en- 
ergy, is  a  meaEurable  quantity.  The  procesB  of  meaBuring 
heat  is  one  of  great  scientific  and  practical  importance. 
We  may  mesBore  either  of  the  two  aspects  of  heat  that  we 
have  mentioned,  either  its  degree  or  its  amount.  We  call 
the  first  measure  Temperature,  and  the  second  Quantity. 

206.  Temperature.— This,  as  ve  have  seen,  corresponds 
in  mass-mechanics  to  velocity  or  rate  of  motion,  and  is 
quite  independent  of  the  amount  of  matter  in  motion.  In 
heat-mechanicB  temperature  is  the  degree  of  molecular 
motion,  and  la  also  quite  independent  of  mass. 

As  temperature  can  not  be  directly  measured  in  C.-G.-S. 
Dnits,  we  are  forced  to  devise  some  conventional  and  quite 
empirical  unit,  and  to  make  onr  measurement  consist 
merely  of  a  statement  of  relative  intensity.  This  we  do 
-with  a  thermometer  (167). 

207.  QuAntity  of  Heat,  as  we  have  seen,  correspotids  in 
mass-mechanics  to  momentum.  It  is  not  only  the  degree 
of  heat,  the  temperature,  but  it  is  also  the  amount  of  mat^ 
ter  heated.  It  is  evident  that  although  a  cup  of  boiling 
water  is  hotter  than  a  ten-gallon  tank  of  lukewarm  water, 
the  tank  has  a  greater  quantity  of  heat  and  will  do  more 
toward  warming  a  cold  room.  So  it  is  evident  that  a  great 
lake  at  a  temperature  of  40°  P.,  although  it  is  not  hotter, 
yet  it  contains  more  -heat  than  a  cup  of  boiling  water,  and 
will  do  more  to  modify  the  winter  climate  of  that  region 
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than  many  ttionsaDd  cups  of  boiling  water  could.  The 
relation  of  temperature  to  quantify  of  heat  is  analogouB  to 
the  relation  of  water  pressure  to  volume  of  water.  The 
mountain  stream  may  exhibit  high  procure  of  water;  the 
quantity  may,  however,  be  too  small  to  be  useful.  We  can 
not  measure  qoantity  of  heat  in  C.-O.-S.  Quits,  and  so  must 
devise  an  empirical  unit.  The  Calorie  is  our  name  for 
such  a  unit.  It  is  the  quantity  of  heat  needed  to  raise  the 
temperature  of  1  gram  of  pure  water  1°  G.  It  is  a  mere 
conyention.  We  might  use  1  kilogram,  or  1  pound,  or  1"  F,, 
and  often  do,  but  this  unit  is,  on  the  whole,  the  most 
convenient. 

308.  8p«eiflo  Heat. — As  soon  as  we  come  to  measure 
temperature  and  quantity  of  heat,  we  come  upon  a  very 
characteristic  and  important  difference  in  the  behavior  of 
hodies  toward  heat.  If  we  take  a  kilogram  of  water  and  a 
kilogram  of  some  metal  snch  as  lead  or  mercury,  and  raise 
the  temperature  of  water  and  metal  the  same  number  of 
degrees,  we  find  that  it  takes  a  different  and  much  larger 
amount  of  heat  to  increase  the  temperature  of  the  water 
than  that  of  the  metal.  We  express  this  by  saying  that 
different  bodies  have  different  capacity  for  heat.  As  water 
absorbs  a  great  amount  of  heat  in  changing  its  temperature 
by  a  given  number  of  degrees,  we  say  that  water  has  a  great 
capacity  for  heat.  We  measure  the  heat  capacity  of  any 
body  by  comparing  it  with  the  capacity  of  water.  We  call 
the  ratio  Specific  Heat,  which  we  may  define  as  the  heat 
capacity  of  a  given  mass  of  a  substance  compared  with  the 
heat  capacity  of  the  same  mass  of  water. 

200.  Determination  of  Specific  Heat— There  are  several 
methods  in  use  for  thn  determination  of  specific  heat. 

The  method  of  mixturRs  is  the  one  generally  nsed,  and 
is  the  only  one  suitable  for  elementary  work.  In  this 
method  we  heat  a  known  mass  of  the  body  to  a  definite 
temperature,  say  100°  C,  and  then  plunge  it  into  a  known 
mass  of  water  whose  temperature  is  also  known.     The  tem- 
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peratare  of  the  water  is  generally  taken  at  that  of  the  room, 
and  conseqnentl;  rieeB  when  brought  into  contact  with  the 
hotter  body.  The  water  ia  well  stirred,  and  when  the  tem- 
perature ceases  to  rise,  the  hot  hody  and  the  water  must 
have  reached  the  same  temperature.  The  increase  in  the 
temperature  of  the  water  multiplied  by  its  weight  in  grams 
gives  the  quantity  of  heat  imparted  to  the  water  by  the  cool- 
ing body.  The  heat  gained  by  the  water  and  the  heat  lost 
by  the  body  are  manifestly  equal.  The  total  number  of 
heat  units  given  out  by  the  cooling  body,  divided  by  the 
number  of  degrees  of  fall  in  temperature,  gives  the  amount 
of  heat  for  each  degree,  and  this  amount  divided  by  the 
number  of  grama  of  weight  in  the  body  gives  the  amount 
of  heat  yielded  by  each  gram  as  it  falls  one  degree.  Since 
the  temperature  of  the  vessel  containing  the  water,  as  well 
as  that  of  the  water  itself  was  raised,  its  heat  capacity  must 
also  be  taken  into  account. 

The  case  will  be  made  clear  by  an  example.  Suppose 
we  take  100  grams  of  water  in  a  copper  cup  weighing  13 
grams,  both  at  the  temperatnre  of  the  room,  which  is  17.5° 
degrees.  From  a  vessel  of  boiling  water  we  lift  a  piece  of 
lead  weighing  100  grams  and  put  it  into  the  copper  cup  of 
water.  We  stir  the  lead  about,  so  that  it  and  the  water 
may  become  of  the  same  t«mperature,  and  when  the  tem- 
perature becomes  stationary  we  find  it  is  20°.  The  lead 
has  given  out  heat  enough  to  raise 

100  grams  of  water  2.5  degrees  =:  260  heat  units,  and 
12  grams  of  copper  2.5  degrees  =  U  X  2.5  X  .0933  ♦  =2.8 

heat  anitB. 
Total  number  of  heat  units  given  out  by  the  lead  =  252.8 

in  falling  80  degrees. 

Amonnt  given  out  for  each  degree  ^^^  =  3.16  heat 
units.  ^^ 

•  See  table  on  the  following  page  for  spaciSc  heat  of  cupper. 
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Amoant  given  out  b;  each  gram  for  each  degree  of  fall 
in  temperature  =  ■^—  =  .0316.    If  one  gram  of  lead  givea 

out  .0316  heat  units  in  falling  one  degree,  it  would  require 
.0316  heat  units  to  raise  one  gram  of  lead  one  degree.  Thia 
ia  called  the  specific  heat  of  lead.  In  accurate  vork,  allow- 
ance must  also  be  made  for  the  heat  capacity  of  the  ther- 
mometer, and  for  the  loss  of  heat  by  radiation;  but  we 
neglect  these,  and  still  get  fair  results. 

TABLE  OF  SPECIFIC  HEATS. 


W»tor 

1.000 

Platicum 

082 

Iron 

IH 

Olus 

019 

Copper 

09a 

Sulphur 

J208 

Tin 

066 

Graphite 

J818 

Silver 

.057 

CharcoAl 

B41 

Mereary 

038 

Ice 

JMM 

Gold 

.082 

Alcohol 

610 

SIO.  AppUeatloiu. — Among  liqnida,  water  has  the  largest 
specific  heat,  and  thia  ie  of  immense  importance  in  the 
economy  of  Nature.  Water  acta  everywhere  as  an  equalizer 
of  temperature.  It  has  such  great  capacity  for  heat  that  it 
warms  up  slowly  and  cools  down  slowly.  Kenoe  the  cli- 
mate near  large  bodies  of  water  is  much  leas  subject  to 
extremes  of  temperature  than  places  surrounded  by  land. 
The  movement  of  large  bodies  of  hot  water  from  the 
tropics  to  the  poles,  and  of  cold  water  from  the  poles  to  the 
tropics,  make  habitable  large  areas  of  land  that  would 
otherwise  be  lost  to  human  uses.  The  Oulf  current 
greatly  moderates  the  climate  of  the  British  Islands  and  of 
the  northwest  coast  of  Europe,  while  the  Jap^  current 
performs  the  same  service  for  the  northwest  coast  of 
America. 

The  kitchen  range  may  be  much  hotter  than  the  water 
in  the  hot-water  tank  which  is  connected  with  it,  but  if  the 
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fire  goes  out  on  a  cold  winter  night  the  warm  water  in  the 
tank  will  give  out  its  heat  all  night  long  and  perceptibly 
warm  the  room,  while  the  store  will  have  parted  with  ite 
comparatiyely  small  amount  of  heat  in  a  very  short  time. 

The  summer  san  beats  alike  upon  the  seashore  and  the 
adjacent  waters  of  the  sea,  but  the  specific  heat  of  sand 
being  much  less  than  that  of  water,  its  temperature  rises 
much  higher  than  the  water.  The  air  over  the  water  will, 
therefore,  be  cooler  than  that  orer  the  land,  and  will  press 
toward  the  land,  giving  a  "  sea  breeze."  At  night  the  land, 
like  the  kitchen  range,  will  lose  its  heat  sooner  than  the 
water  does,  and  the  air  over  the  land  will  become  cooler 
than  that  over  the  sea,  and  will  press  toward  the  sea,  giv- 
ing a  **  land  breeze." 
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CHAPTER  XXII 

IiATSNT  HSAT 

A.  Heat  disappeabs  when  Solids  liquept 

211.  Heat  latent  in  Solotioni. — If  we  apply  heat  to  some 
fragmeats  of  ice,  the  temperature  rises  nntil  the  whole 
stands  0°  C.  The  ice  then  begins  to  melt,  but  though  the 
application  of  heat  be  continued,  no  rise  of  temperature 
takes  place  until  all  the  ice  has  melted  and  passes  into  wa- 
ter at  0°.  Tho  heat  applied  during  this  interval  has  accom- 
plished no  change  in  the  temperature,  but  has  been  Bolely 
spent  in  changing  the  ice  at  zero  into  water  at  zero.  Evi- 
dently a  large  quantity  of  heat  has  disappeared  in  the  pro- 
cess. We  say  that  it  has  become  latent.  It  has  been  em- 
ployed to  do  internal  work  among  the  molecules,  and  is  in 
the  form  of  potential  energy.  All  this  heat  may  be  recov- 
ered again,  as  we  shall  see  in  section  219. 

Common  salt  put  into  water  will  cauae  its  temperature 
to  fall  several  degrees. .  It  abstracts  heat  from  the  water,  as 
it  dissolves  or  passes  into  the  liquid  state.  This  heat  does 
not  raise  tho  temperature  of  the  salt,  but  becomes  latent. 
This  is  true  of  all  solids  when  they  dissolve. 

Each  solid  has  its  own  peculiar  power  of  rendering  heat 
latent.  Ice,  for  example,  absorbs  80  heat  units  for  each 
gram  lique&ed.  And  it  is  a  physical  impossibility  for  ice 
or  snow — any  form  of  water  in  the  solid  state — to  pass  into 
the  liquid  state  without  its  absorbing  this  amount  of  heat^ 
but  ice  and  snow  do  not  take  heat  very  readily  by  either 
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coadactioQ  or  radiation,  and  this  explains  why  they  linger 
BO  long  even  under  a  hot  ann.  Every  one  must  have  some- 
times wondered  that  a  cake  of  ice  will  endure  for  bo  long  a 
time  the  broiling  summer's  sun,  and  that  anew  will  some- 
times last  until  late  in  spring. 

313.  Freezing  Mixtnrei. — When  we  want  only  a  moder- 
ate cold,  as  in  the  case  of  drinking  water,  the  ice  is  simply 
dissolved  in  water.  When  the  ice  melts,  we  have,  of  course, 
water  at  0°  C.  fts  the  immediate  result,  but  wo  also  have  the 
original  drinking  water  greatly  cooled,  since  the  ice,  to  melt, 
must  take  its  heat  of  liquefaction,  80  calories  per  gram, 
from  the  surrounding  water.  So  it  is  possible,  by  using 
Uttle  water  and  much  ice,  to  keep  the  contents  of  a  water 
pitcher  at  0°  C.  for  a  considerable  time,  since  the  ice  can 
melt  only  as  it  can  absorb  the  requisite  heat  from  the  sur- 
rounding water. 

When  a  greater  cold  is  wanted,  as  in  freezing  creams  and 
fi-uits  and  ices,  it  is  gained  by  mixing  salt  with  the  cracked 
ice.  The  action  is  doable — the  melting  of  the  ice  and  the 
solution  of  the  ea}t— and  both  processes  require  heat ;  that 
is,  are  cold-producing.  The  salt  (sodium  chloride,  NaCl) 
has  a  great  affinity  for  water.  We  express  this  by  saying 
that  it  is  deliquescent.  We  all  know  how  damp  table  salt 
becomes  if  exposed  to  the  air  on  a  moist  day.  So  strong  is 
this  affinity  that  the  salt  melts  the  ice  in  order  to  dissolve  in 
the  water  formed.  But,  in  order  to  dissolve,  the  salt  must 
itself  absorb  its  own  beat  of  liquefaction,  and  so  contribute 
its  share  to  the  production  of  cold.  It  is  possible  in  this 
way  to  obtain  a  temperature  as  low  as  —  23°  C. 

The  act  of  solution  is  always  accompanied  by  a  lowering 
of  the  temperature.  If  we  take  a  mixture  of  solid  ammo- 
nium chloride  (NHiCI)  and  ammonium  nitrate  (NH,XOj) 
and  place  them  in  a  heaker,  and  thea  add  just  enough  cold 
water  to  dissolve  them,  we  shall  have  a  temperature  consid- 
erably below  zero.  This  can  be  shown  by  stirring  the  mix- 
ture with  a  chemical  thermometer  and  noting  the  reading. 
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or,  better  Btill,  by  neing  a  email  teet-tabe  with  a  little  water 
in  the  bottom,  as  a  stirrer.  The  water  will  be  frozen 
solid,  and  may  be  turned  ont  on  the  table  as  a  transparent 
Inmp. 

The  faculty  of  salt  to  liquefy  ice  is  made  use  of  to  re- 
move ice  from  the  pavements  in  cold  winter  weather.  It 
liquefies  the  ice,  although  it  makes  it  colder  than  it  was  be- 
fore. We  should,  therefore,  avoid  saying  it  melts  the  ice. 
The  salt  solution  which  is  formed  fiows  off  and  clears  the 
pavement.  It  does  not  freeze  until  a  very  low  temperature 
is  reached. 

B.  Heat  disappeabs  vthen  Liquids  vaporize 
313.  Heat  latent  is  Vapon.— When  we  supply  beat  to 
water  its  temperature  rises  constantly  until  it  reaches  100° 
C,  and  here  a  halt  takes  place  until  all  the  water  at  100° 
has  been  converted  into  steam  at  100°.  The  heat  mean- 
while has  been  spent  in  changing  the  water  into  water 
vapor.  Evidently  a  large  quantity  of  heat  has  disappeared 
in  the  process,  and  yet  all  this  beat  may  be  recovered  again, 
as  we  shall  learn  in  section  218.  We  therefore  say  that  it 
has  become  latent.  When  water  or  any  other  liquid  changes 
its  state,  passing  from  liquid  to  gas,  heat  is  apparently  osed 
up  in  prodncing  this  change  of  state.  Each  liquid  has  its 
own  peculiar  power  of  rendering  heat  latent.  Water,  for 
example,  absorbs  537  heat  anits  for  each  gram  vaporized. 
It  is  not  possible  for  water  or  any  other  liquid  at  any  tem- 
perature to  pass  into  the  vapor  state  unless  it  is  supplied 
with  the  number  of  heat  units  required  to  bring  about  that 
change.  That  is,  1,000  grams  of  water  (about  1  quart) 
must  absorb  5.$7,000  heat  units  before  it  can  vaporize. 
This  shows  why  a  little  shower  on  a  summer  day,  whose 
water  quickly  evaporates,  cools  the  earth  so  much. 

Those  who  have  seen  experiments  with  liquid  air  must 
have  marveled  that  the  liquid  does  not  fly  away  into  the 
gaseous  state  more  readily  than  it  does.     This  is  because  it 
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is  tmable  to  appropriate  to  itself  the  necesBar;  amottnt  of 
heat  to  change  its  state. 

In  general,  we  may  say  that  when  subetanceB  paes  to  a 
more  fluid  state — aolida  to  liqnida,  liquids  to  gases,  gases  in 
expanding — ^heat  is  absorbed,  and  that  when  enbstances 
pass  to  a  less  fluid  state — gases  in  condensing,  gasea  to 
liquids,  liquids  to  solids — heat  is  given  out.  For  the  same 
substance,  the  amount  of  heat  absorbed  in  any  given  change 
is  precisely  the  same  aa  the  amount  given  out  vhen  the 
change  is  in  the  opposite  direction. 

211.  Abioliite  l^mperatnre. — We  have  called  attention 
to  the  fact  that  temperature  is  analogous  to  velocity  in 
mass-mechanics.  But  velocity  may  diminish  until  it  finally 
ceases  altogether,  and  the  body  comes  to  rest.  If  the  anal- 
ogy were  complete,  there  would  be  a  corresponding  point 
in  the  thermal  scale  where  molecular  activity  would  cease, 
and  the  body  be  devoid  of  all  heat.  Such  a  condition  would 
be  absolute  cold,  or  the  absolute  aero  of  temperature.  It  has 
never  been  attained  experimentally,  but  we  can  estimate  it. 

If  a  body  of  air  at  0°  C.  be  chilled  to  —  1°,  or  heated  to 

+ 1°,  its  volume  will  change  by  ^yS  **'  '^^  original  volume 

at  0°.     If,  therefore,  we  should  heat  it  to  -|-  373°,  its  vol- 
273 
^273 '^ 
its  volnme  would  just  double.     If,  now,  we  should  cool  this 

body  of  air  to  —273°,  it  ought  to  shrink  ^  of  its  original 

volnme,  and  therefore  cease  to  have  any  volume  whatever. 
Before  reaching  that  temperature,  however,  every  gas  would 
become  liquid,  and  cease  to  follow  Boyle's  law.  This  point, 
—  873°  C,  we  call  the  absolute  zero. 

We  may  construct  a  scale  of  absolute  temperature  by 
referring  sU  readings  to  the  absolute  zero.  We  can  readily 
do  this  in  the  centigrade  scale  by  simply  adding  273°  to 
all  ordinary  readings.     Thus  all  readings  in  absolute  tern- 
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perature  must  be  positive.     Water  freezes  at  273°  and  boila 
at  373°. 

216.  The  Piodnotioa  of  Cold.— Cold  ie  the  absence  of 
heat,  and  is  simply  relative.  It  means  a  lover  degree  of 
molecular  energy.  Cold  is  produced,  therefore,  by  the 
reversal  of  all  those  processes  which  are  the  sources  of  heat. 
However,  it  is  not  practically  possible  to  reverse  all  of  them, 
such  as  solar  radiation,  mechanical  motion,  and  electricity. 
Nor  can  we,  except  in  rare  cases,  make  chemical  reaction  a 
source  of  cold.  The  reverse  of  chemical  combination — that 
is,  chemical  decomposition — requires  the  taking  in  of  heat, 
but  the  process  is  not  self-promoted  and  can  not,  therefore, 
be  nsed  as  a  source  of  cold.  Practically  we  are  thrown  back 
upon  three  eouraes  for  the  production  of  all  artificial  cold — 
expansion  of  gases,  evaporation  of  liquids,  and  the  dis- 
solving of  solids. 

216.  Expansloii  of  Ehuea. — This  is  a  very  effective  eottrce 
of  cold,  but  it  ia  rarely  used  in  the  arts,  because  there  are 
more  convenient  methods.  It  usually  appears,  indeed,  as 
an  inconvenience.  Motors  driven  by  compressed  air  be- 
come very  cold,  and  consequently  brittle,  by  the  expansion 
of  the  air  in  the  cylinder.  It  is  sometimes  the  custom  to 
surround  parts  with  running  water  in  order  to  equalize 
temperatures.  The  cold  produced  by  expanding  air  may 
be  beautifully  seen  in  the  receiver  of  an  air  pump.  On  a 
damp  day  a  few  strokes  of  the  pump  suffice  to  fill  the 
receiver  with  fog,  a  precipitation  of  moisture  due  entirely 
to  the  chilling  effect  of  expansion. 

In  Nature,  the  expansion  of  air  in  the  upper  regions  of 
the  atmosphere  is  a  source  of  considerable  cold,  and  is 
probably  one  reason  why  the  higher  clouds  are  made  up  of 
tiny  ice  crystals  instead  of  globules  of  condensed  water 
vapor.  Whatever  be  the  cause  of  this  fall  in  temperature, 
it  amounts  to  about  1°  F.  for  each  332  feet  of  elevation. 

217.  Cold  by  Evaporation. — This  is  the  great  source  of 
artificial  cold,  and  also  one  of  the  most  convenient  in  way 
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of  application.  It  has  already  been  incidentally  referred 
to  (192). 

Whenever  a  liquid  evaporstes,  it  mnet  take  in  its  own 
heat  of  evaporation,  and  bo  make  surrounding  objects  cold. 
In  ordinary  evaporation,  the  heat  is  supplied  from  some- 
what wide  territory  as  rapidly  as  it  is  needed,  but  by 
increasing  the  rate  of  evaporation  and  shutting  out  exter- 
nal sources  of  heat,  we  may  produce  very  intense  arti- 
ficial cold. 

Remembering  the  five  factors  upon  which  evaporation 
depends,  it  will  readily  be  seen  that  we  can  not  well  use  the 
first,  temperature,  since  that  would  be  fatal  to  our  purpose, 
but  we  can  use  the  other  four  conditions.  We  can  increase 
the  surface,  we  can  diminish  the  pressure,  we  can  remove 
the  vapor  as  fast  as  it  is  formed  by  pumping  or  by  con- 
stantly renewing  the  atmosphere. 

The  porous  water  jara  of  the  East  depend  for  their 
cooling  action  upon  the  large  surface  exposed,  and  the 
renewal  of  atmosphere  which  comes  when  the  jars  are  hung 
in  a  good  draught  of  air.  They  are  made  of  unglased 
earthenware,  and  consequently  the  water  makes  its  way 
throi^h  the  pores  to  the  surface,  and  by  evaporation  cools 
the  water  still  in  the  jar  several  degrees  below  that  of  the 
sarronnding  air.  The  experiment  may  be  made  by  using 
the  porous  cap  of  a  battery,  and  either  placing  it  in  a  good 
draught  of  air,  or  directing  a  jet  of  air  against  it  from  a 
bellows*  or  pump. 

The  Carrg  Ice  Machine,  one  of  the  oldest,  depends  on 
the  evaporation  of  liquefied  ammonia  gas,  NII3.  Under 
ordinary  conditions  SHa  is  a  gas,  but  under  a  pressure  of 
seven  atmospheres  it  becomes  a  colorless  liquid  which  boils 
at  —33.7  C.  The  liquefied  gas  is  passed  through  noils  sur- 
rounding the  body  of  water  to  be  frozen.  By  simply  remov- 
ing the  pressure  the  Nil;,  passes  back  to  the  gaaeouB  state, 
and  in  doing  so  absorbs  enough  heat  to  reduce  the  temper- 
ature of  sarrounding  objects  to  something  below  zero  F. 
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The  ammonia  gas  ma;  be  again  liquefied,  and  bo  osed  orer 
and  OTer  again  with  little  loss.  The  ice  la  thos  made  at 
the  cost  of  the  mechanical  energy  used  in  liqnefying  the 
ammonia. 

The  most  intense  cold  is  produced  by  the  evaporation  of 
much  more  difficultly  liquefiable  gases,  such  as  carbon  diox- 
ide, GOi,  and  even  t^e  elementary  gasea  N  and  0.  By  the 
eraporation  of  N,  a  cold  of  —  226  C.  has  been  attained. 

The  value  of  bathing  the  forehead  with  cologne  or  bay 
rum,  in  ease  of  headache  or  fever,  comes  from  the  cooling 
effected  by  the  evaporation  of  the  alcohol. 

A  simple  application  of  evaporation,  in  freezing  water, 
is  an  ice  machine,  consisting  merely  of  an  air  pump  pro- 
vided with  a  chamber  containing  strong  sulphuric  acid, 
H»SO,.  A  flask,  half  filled  with  water,  ia  connected  by 
means  of  a  rubber  stopper  and  tube  with  the  acid  chamber 
and  the  pump.  A  few  strokes  of  the  pump  remove  most  of 
the  air  from  the  flaak,  and  under  the  reduced  pressure  the 
water  begins  to  evaporate  very  rapidly.  But  the  H^SOt  has 
strong  affinity  for  water  vapor,  and  absorbs  it  eo  rapidly 
that  it  re-enforces  the  air  pump  in  maintaining  a  vacuum, 
and  so  hastening  the  evaporation  of  the  water  in  the  flask. 
Under  this  greatly  diminished  pressure,  bubbles  of  vapor 
form  throughout  the  mass  of  the  liquid,  so  that  it  boils  at 
a  very  low  temperature.  But,  meanwhile,  the  rapid  evap- 
oration of  the  water  has  been  carrying  off  so  mach  heat 
that  a  film  of  ice  begins  to  fonb  on  the  surface,  while  the 
water  below  continues  to  boil.  We  have  thus  the  spectacle 
of  water  boiling  and  freezing  in  the  same  vessel  and  at  the 
same  temperature.  When  the  flask  is  brought  on  the  table, 
those  not  in  the  secret  naturally  wonder  how  such  a  lai^ 
sheet  of  ice  got  into  such  a  small-necked  bottle. 

This  experiment  may  be  made  with  the  ordinary  air 
pump  by  introducing  into  the  receiver  a  vessel  containing 
strong  ITbSOi  and  another  containing  water.  It  was  in  this 
form  that  the  experiment  was  originally  made  by  Leslie. 
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WoUoston's  Gryophorns  (Fig.  113)  UIuetrateB  the  same 
principle.  It  consists  of  a  U-tube  with  a  bulb  at  each  end. 
One  bulb  is  half  filled  with  water,  and 
the  other  bulb  and  the  tube  itself  with 
Tapor  of  water.  When  this  second  bulb 
IB  Burroanded  by  cracked  ice,  the  water 
condenses,  and  thus  reduces  the  pres- 
sure inside  the  tube.  The  water  in  the 
other  bulb  rapidly  evaporates,  and  crys- 
tals of  ice  are  seen  to  form  on  the  sur- 
face. 

If  two  large  watch  crystals  be  moist- 
ened on  their  convex  sides  and  placed  Fra.  lis.— Woii»st«n'9 
on  top  of  each  other,  with  some  highly 
YolatUe  liquid,  such  as  ether,  placed  in  the  upper  crystal,  it 
will  be  easily  possible  to  freeze  the  two  crystals  together  by 
the  rapid  evaporation  of  the  ether.  This  may  be  brought 
about  by  simply  blowing  on  its  surface,  or  by  directing  an 
air  jet  against  it  from  a  bellowa. 

Still  another  instance.  The  cold  produced  by  evapora- 
tion may  be  readily  observed  by  dipping  the  bulb  of  a 
chemical  thermometer  into  ether  or  chloroform,  or  even 
into  alcohol  or  water,  and  rapidly  swinging  it  in  the  air; 
or  by  wetting  a  cloth  with  one  of  these  liquids,  wrap- 
ping the  cloth  around  the  bulb,  and  then  swinging  the 
thermometer  as  before,  or  directing  a  blast  of  air  against 
the  cloth. 

Besides  these  applications,  there  are  numerous  other  cir- 
cumstances where  we  wish  an  intense  cold.  Id  engineering 
work  it  is  now  the  custom  to  freeze  "quicksands"  by 
means  of  liquefied  ammonia  gas,  NHj.  A  tnnnel  or  shaft 
can  be  driven  through  this  solid  mass  of  sand  and  water, 
when  it  wonld  be  quite  impossible  to  deal  with  the  semi- 
finid,  shifting  quicksand. 

A  freezing  cold  is  also  used  in  microscopic  work  in 
studying  delicate  organic  structure  that  must  be  cut  into 
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Bactiong  this  enough  to  allow  the  light  to  pass  through.  It 
ie  ao  osed  in  the  Department  of  Agriculture  at  Washington 
in  investigating  diseases  of  domestic  animale.  The  heart, 
liver,  or  kidney,  or  whatever  organ  is  under  examination, 
is  first  frozen  stiff,  and  then,  by  means  of  a  sharp  razor,  a 
wonderfnlly  thin  section  is  sliced  oS  and  mounted  between 
little  glass  slides  before  it  has  a  chance  to  melt  and  become 
unmanageable. 

All  volatile  liquids,  such  as  alcohol,  ether,  benzine,  etc., 
feel  cold  to  us.  Yet  the  liquids  are  not  cold,  except  when 
they  are  allowed  to  evaporate. 

The  water  bath  in  the  laboratory  and  the  double  boiler 
in  the  kitchen  are  used  because  the  evaporation  of  the  wa- 
ter will  absorb  all  heat  above  a  certain  temperatare,  and 
prevent  the  "  burning  "  of  the  food,  etc.  Upon  a  mountain 
top,  where  the  pressure  of  the  air  is  reduced,  evaporation 
proceeds  more  rapidly,  and  it  may  abstract  heat  to  such  an 
extent  as  to  prevent  the  cooking,  by  boiling  water,  of  cer- 
tain things  which  require  a  temperature  of  at  least  100°  C. 

All  animals  produce  more  beat  than  they  need.  Their 
life  processes  depend  upon  the  elimination  of  superfluous 
heat.  This  is  absorbed  chiefly  by  the  evaporation  of  moist- 
ure produced  from  countleaa  pores  in  the  skin.  Cold  con- 
tracts the  surface  blood  vessels  and  sends  the  blood  to  the 
interior  of  the  body  where  it  will  not  lose  so  much  heat, 
but  it  also  contracts  the  month  of  these  pores— as  evidenced 
by  the  so-ealled  "  goose  pimples  " — checks  the  flow  of  per- 
spiration, and  thus  evaporation  and  the  consequent  loss  of 
heat  are  reduced.  Heat  causes  the  surface  blood  vessels 
to  relax  and  the  warm  blood  to  flush  the  skin  where  it 
cools.  Ileat  also  opens  the  pores,  causes  the  perspiration 
to  flow,  and  if  the  conditions  of  evaporation  are  favorable, 
we  do  not  suffer  with  the  heat.  If,  however,  there  is  great 
humidity  in  the  atmosphere,  so  that  evaporation  does  not 
proceed  readily  from  our  bodies,  we  suffer  greatly  from  the 
heat,  and  we  call  it  a  "  muggy  "  day. 
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C.  Hbat  kbappeabs  when  Vapoes  liquefy 
818.  Heat  recorered  from  Vapors.— When  any  gae  pasBCB 
to  the  state  of  a  liqaid,  its  latent  heat  U  given  ont.  If  the 
gaa  be  ateam,  then  the  liquid  mnst  be  water,  and  each  gram 
of  condensed  water  at  100  represents  the  liberation  of  537 
calories.  This  method,  of  heat  prodnction  is  illustrated  in 
our  steam  radiators'.  The  condensing  steam  yields  its  heat 
to  the  iron  radiator,  and  ■this  in  turn  to  the  apartment. 
In  Nature,  the  liquefaction  of  vapor  is  a  most  important 
source  of  heat.  Whenever  the  moisture  in  the  atmospiiere 
condenses  into  rain  or  snow,  heat  is  liberated.  (Jons&- 
quently,  precipitation  is  always  accompanied  by  rise  of  tem- 
perature. We  notice  a  moderation  of  the  weather  during  a 
rain.  It  has  been  calculated  that  the  moist  air  accompany- 
ing the  Golf  Stream  yields  as  much  heat  to  Great  Britain, 
by  the  precipitation  of  the  moisture,  as  is  brought  by  the 
Golf  Stream  itself. 

D.  Hbat  reappsabb  when  Liquids  solidify 
319.  Heat  noorered  from  Boluttont.— The  freezing  of 
water  requires  the  giving  up  of  the  exact  amount  of  heat 
required  to  liquefy  the  ice,  80  calories  for  each  gram,  and  is 
a  most  important  natural  source  of  heat.  Farmers  under- 
stand this,  and  put:  tubs  of  water  in  their  vegetable  cellars 
on  a  cold  night,  so  that  if  the  temperature  falls  below  32° 
F.  the  freezing  of  the  water  will  give  out  such  quantities  of 
heat  as  shall  prevent  the  temperature  from  falling  far  below 
38°,  and  the  vegetables  will  not  freeze  until  a  temperature 
considerably  below  33°  is  reached.  Ponds  and  lakes,  by  the 
freezing  of  their  waters,  do  much  toward  proveoting  the 
temperature  of  the  immediate  neighborhood  from  falling 
far  below  38°  F.  For  the  same  reason  the  atmosphere  is 
genial  and  agreeable  during  a  quiet  snowatorra. 

220.  Eeoapitnlation.— Suppose  1,000  grams  of  ice  at  - 10° 
C.  rises  to  0°.     The  specific  heat  of  ice  being  .6  (209),  this 
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would  require  th^  absorption  of  6,000  heat  units.  Next  let 
UB  suppose  this  ice  to  melt.  This  would  reqnire  80  X 
1,000  =  80>000  heat  units.  If  now  we  heat  this  quart  of 
water  to  the  boiling  point,  100  x  1,000  :=  100,000  heat  units 
will  be  absorbed,  aud  if  we  vaporize  this  water,  537  X  1,000  = 
537,000  heat  iinita  will  be  required.  Thus  a  total  of  723i000 
heat  units  hare  been  absorbed,  and  will  all  surely  be  restored 
to  the  atmosphere  before  that  water  can  again  become  ice  at 
—10°  C.  So  it  appears  that  water  is  the  great  equalizer  of 
temperatures,  carrying  the  summer  heat  far  into  the  winter 
to  modify  its  climate,  and  storing  the  winter  cold  (if  we 
may  use  the  expression)  with  which  to  refresh  the  summer 
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831.  Magnetite. — There  ia  fonnd  in  various  parts  of  the 
earth  an  iron  ore  composed  of  oxygen  and  iron  (FoaO,),  which 
will  attract  small  bits  of  iron.  This  is  called  magnetite 
to  indicate  that  it  is  a  magnet.  It  has  also  been  called 
loadstone  for  reasons  which  will  appear  later.  The  small 
pieces  of  iron  do  not  cling  to  all  parts  of  it  alike.  If  a 
piece  of  the  ore  is  rolled 
about  among  filings  of 
iron,  roost  of  tham  will 
fall  away  from  the  piece  of 
ore  when  it  is  lifted,  but 
many  will  be  found  cling- 
ing to  two  spots  (Fig.  114) 

situated      upon      opposite  Fio.  lU.— Magnets, 

sides  or  opposite  ends  from 
one  another.  A  straight  line  connecting  these  two  parts  is 
called  the  axis,  and  the  ends  of  this  line  are  called  the 
poles  of  the  magnet.  It 'is  not  necessary  that  the  polos  be 
the  ends  of  the  lump.  They  may  be  anywhere  along  the 
sides,  but  it  ia  true  that  they  are  always  opposite  to  one 
another.  If  we  suspend  the  piece  of  magnetite  by  a  slen- 
der thread,  it  will  come  to  rest  with  the  same  one  of  these 
poles  always  north.  Let  ua  mark  this  pole  with  the  letter 
N  and  call  it  the  north  pole,  and  the  opposite  portion  we 
will  call  the  south  pole.  Because  of  this  property  of  point- 
ing northi  it  was  originally  called  loadstone,  or  the  leading 
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Btone.    The  reason  for  its  pointing  north  and  south  will 
be  given  in  eection  227. 

233.  Steel  Hagneta, — If  either  pole  of  the  magnetite  is 
rabbed  several  times  upon  a  steel  sewing  needle,  always 
in  the  same  direction,  from  one  end  to  the  other,  the  sew- 
ing needle  will  be  found  to  have  acquired  the  property  of 
attracting  iron  filings  at  its  two  extremities.  It  has  become 
a  magnet.  Its  two  ends  are  the  poles,  and  they  will  point 
north  and  south  if  free  to  move. 

223.  The  Folea  of  a  Magnet — If  the  needle  is  suspended 
by  a  thread,  so  that  it  may  swing  freely  in  a  horizontal 
plane  (Fig.  115),  it  will  be  found 
that  the  pole  of  the  magnetite 
which  was  used  to  magnetize  this 
needle  will  attract  the  pole  of  the 
needle  which  it  tonched  last,  but 
will  repel  the  other.  It  will  also 
be  found  that  the  opposite  pole 
of  the  magnetite  will  repel  this 
pole  of  the  needle  but  attract  the 
other.  If  a  second  eewing  needle 
be  magnetized  in  the  same  way  as 
the  first  (let  us  suppose  that  the 
north  pole  of  the  magnetite  is 
used  in  each  case,  and  that  it  is 
drawn  from  the  eye  toward  the 
point  of  each  needle),  it  will  be 
found  that  the  points  of  these  needles  repel  each  other, 
and  that  the  ends  containing  the  cyea  repel  each  other,  but 
that  the  point  of  each  will  attract  the  eye  of  the  other. 
The  law  is  r  unlike  poles  attract,  and  like  poles  repei.  It 
will  be  found  that  if  these  needles  are  allowed  to  swing 
freely,  without  being  influenced  by  any  magnet,  they  will 
arrange  themselves  so  that  their _eyefl  will  point  north.  It 
will  also  be  found  that  their  eyes  will  attract  the  south 
pole  of  the  magnetite  but  repel  the  north  pole  of  the  same; 
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also  that  their  points  will  attract  the  north  pole  of  the  mag- 
netite,  bat  repel  its  south  pole.  The  poles  of  these  needles 
may  be  reversed  by  rabbing  them  in  the  opposite  direction 
vith  the  same  pole  of  the  magnetite  as  was  used  before,  or 
by  rabbing  them  in  the  same  direction  with  the  opposite 
pole  of  the  magnetite.  These  sewing  needles  are  small 
"  bar  magnets." 

The  bar  magnets  which  M-e  on  sale  have  the  letter  N 
stamped  upon  one  end  of  them.  If  a  bar  magnet  is  free  to 
more,  this  end  will  point  north.  I|  it  is  brought  to  the 
north  pole  of  the  magnetite,  or  the  north  pole  of  the  sew- 
ing needles  mentioned  above,  it  will  repel,  while  it  will 
attract  the  south  pole  of  the  same.  The  reverse  is  true  of 
the  south  pole  of  the  bar  magnet.  Steel  magnets  are  often 
given  the  shape  of  a  horseshoe,  so  that  the  force  of  both 
poles  may  be  applied  to  the  same  object. 

2M.  Xagnetio  SnbsUnom— While  a  large  number  of 
sabstances  are  affected  to  a  slight  degree  by  very  power- 
ful magnets,  only  steel  and  iron  are  visibly  affected  by  mag- 
nets of  ordinary  strength.  Soft  iron  may  be  magnetized, 
but  will  not  retain  magnetism.  The  harder  the  iron,  the 
longer  it  will  retain  its  magnetism.  This  is  why  steel, 
which  is  iron  hardened  by  carbon,  makes  the  most  perma- 
nent magnets.  Since  both  poles  of  a  magnet  attract  mag- 
netic substances,  the  way  to  determine  whether  a  magnetic 
substance  has  become  a  magnet  is  to  find  whether  there  ie  a 
repulsion  between  any  part  of  it  and  either  pole  o£  a  magnet. 

235.  Influence  of  Kagneta  upon  Xagnetio  Snbatanoei, — A 
magnetic  substance  when  brought  near  to  a  magnet  is  itself 
always  polarized — that  is,  converted  into  a  magoet*  The 
harder  the  sul»tance  the  less  this  action  takes  place  ;  but, 
on  the  other  hand,  the  more  permanent  is  the  result.  Soft 
iron  is  readily  magnetized  and  as  readily  loses  its  magnetism. 

If  a  horseshoe  magnet  (Fig.  116)  is  brought  near  to  a 
bar  of  soft  iron,  even  though  they  do  not  touch,  the  iron 
will  become  a  magnet,  as  will  be  shown  by  the  way  bits  of 
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iron,  as  carpet  tacks,  will  cling  to  it.     With  a  magnetic 
needle  wc  may  learu  that  the  bar  of  soft  iroD  U  polarized  so 
that  its  north  pole  is  opposite  the  south 
pole  of  the  horseshoe  magnet,  and  ite  south 
pole  opposite  the  north  pole  of  the  mag- 
net.    As  soon  as  the  horseshoe  magnet  is 
removed  the  bar  of  soft  iron  loses  its  mag- 
netism, or,  at  least,  retains  too  little  to  be 
recognized  by  ordinary  means.     A  power- 
ful magnet  will  reverse  the  poles  of  a  weak 
magnet  if  like  poles  are  presented  to  each 
other ;  for  this  reason  students  should  be 
Fiu.   iiH.—Hiirv-     careful  about  bringing  magnets  near  to 
?ariiing'Ewft'[r!m!     compass   ueedles  which   are  not  free  to 
move, 
2S6.  Each  Koleoule  a  Kagnet. — To  enable  us  to  appre- 
ciate what  may  take  place  in  the  needles  when  we  magnet>- 
tzo  them,  let  us  arrange  some  coarse  steel  filings  in  a  row 
upon  a  sheet  of  paper  and  draw  the  north  pole  of  a  magnet 
underneath  the  paper  from  left  to  right.     The  magnet  po- 
liirizefl  each  small  sliver  of  steel  as  it  passes  by,  so  that  the 
end  of  the  sliver  nearest  to  the  north  pole  of  the  magnet 
becomes  a  south  pole  and 


the  more  remote  end  of 
the  sliver  beeomes  a  north 
pole.  The  repulsion  be- 
tween like  poles  and  the 
attraction  between  unlike 
poles  causes  each  silver  in 
turn  to  ri.se  up  on  end 
and  turn  a  somersault — the 
south  pole  of  the  sliver  al- 
ways turning   toward   the 
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north  pole  of  the  magnet  (see  Fig.  117).  The  result  is  that 
after  the  magnet  has  pas.sed,  the  slivers  are  all  arranged  in 
line  along  its  pathway  with  each  north  pole  pointing  toward 
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the  left,  and  inasmuch  kb  thej  are  steel  they  retain  their 
roagaetism,  the  whole  mass  of  filings  acting  as  a  solid  bar 
of  steel  woQld — as  the  sewing  needles  referred  to  iu  section 
233 — haying  the  pole  which  is  like  the  one  used  for  indn- 
cing  magnetism  at  the  end  first  approached,  and  the  unlike  , 
pole  at  the  end  last  approached  by  the  inducing  magnet. 
This  we  think  may  be  analogous  to  what  happens  when  a 
bar  of  steel  is  magnetized  by  rubbing  it  with  a  magnet, 
each  molecnle  behaving  as  these  alivers  of  steel  do.  By 
tapping  the  paper  upon  which  the  steel  filings  are  arranged 
(Fig.  117),  after  the  influence  of  the  magnet  has  been  re- 
moved, they  will  again  become  disarranged,  so  that  the 
mass  will  no  longer  exhibit  north  and  south  poles.  8o,  by 
hammering  a  steel  magnet,  its  magnetism  is  made  to  disap- 
pear.   Heating,  twisting,  bending — anything  which  might 


Fio.  IIS. — New  poles  formed  by  breaking  a  magnet. 

tend  to  disarrange  the  molecule — weakens  a  magnet.  If 
one  of  the  magnetized  needles  mentioned  in  section  SS3  be 
broken  into  little  pieces— ;)fever  so  small — each  piece  will 
have  a  north  and  south  pole,  jnst  as  the  steel  slivers  men- 
tioned in  the  early  part  of  this  section ;  and  if  the  eye  of 
the  needle  is  north  pole,  the  end  of  each  small  piece  of 
needle  which  pointed  toward  the  eye  will  be  its  north  pole. 
If  the  needles  could  be  broken  up  into  molecules,  we  sup- 
pose that  each  molecule  would  exhibit  the  same  kind  of 
polarity.  Fig.  118  helps  ne  to  imagine  how  the  small  par- 
ticles may  be  arranged  with  reference  to  each  other.  This 
explains  why  the  iron  filings  do  not  cling  to  the  middle 
portion  of  the  magnet.  There  the  north  and  south  poles 
neutralize  each  other,  while  at  the  ends  they  are  free  to 
act.  The  molecules  of  iron  and  steel  are  aeanmed  to  be 
magnets  at  all  times.  When  they  fail  to  exhibit  it  they  are 
merely  disarranged,  and  when  we  magnetize  iron  or  steel 
we  simply  cause  its  molecules  to  take  the  proper  arrange- 
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meet.  The  molecules  of  iron  appear  to  move  more  freely 
than  thoBe  of  steel,  hence  it  is  more  readily  magnetized 
and  more  easily  loses  its  magnetism.  If  a  piece  of  steel  is 
hammered  or  heated  while  under  the  influence  of  a  magnet, 
greater  magnetism  will  be  induced  in  it,  as  though  some 
such  assistance  were  needed  to  help  more  the  molecules. 
When  iron  is  strongly  magnetized  its  length  is  slightly 
increased.  A  faint  crackling  noise  is  heard  when  iron  or 
steel  is  very  powerfully  magnetized  or  demagnetized.  If 
It  is  magnetized- and  demagnetized  in  rapid  saccession,  the 
metal  grows  hot,  which  indicates  molecular  motion. 

227.  ^e  Earth  s  Hagnet — If  we  lay  a  bar  magnet  npon 
the  table  under  a  magnetic  needle  (Fig.  119),  the  needle 
will  arrange  itself  so  that  its  south  pole  will  be  orer  the 
north  pole  of  the  bar  magnet,  and  its  north  pole  over 
the  south  pole  of  the  bar  magnet.  The  axis  of  the  needle 
will  always  be  parallel  with  that  of  the  bar  magnet,  what- 
ever direction  that  may  take,  showing  that  the  force  of  the 
bar  magnet  is  greater  than 
that  which  tends  to  cause  the 
needle  to  point  north.  We 
have  reason  to  believe  that 
the  earth  is  a  great  magnet, 
although  not  a  powerful  one. 
Its  magnetic  axis  is  in  the 
same  general  direction  with 
its  geographical  axis,  and  its 
magnetic  poles  are  in  the  arc- 
Fio.  iio.-Magnetic  needle.  "c  and  antarctic  zones.  The 
north  magnetic  pole  of  the 
earth  must  be  unlike  the  north  pole  of  our  needle,  because 
they  attruct.  For  this  reason  it  has  been  proposed  to  call 
the  end  of  the  needle  which  points  north  the  north-seeking 
pole,  but  the  custom  of  calling  it  the  north  pole  persists. 

If  we  suspend  a  magnetic  needle  so  that  it  is  free  to 
swing  in  a  vertical  plane  (Fig.  120),  and  move  it  about 


over  a  bar  magnet,  its  north  pole  will  point  downward 
when  it  approachee  the  sooth  pole  of  the  bar  magnet,  and 
itg  south  pole  will  dip  when  it  approaches  the  north  pole 
of  the  bar  magnet.  The  dipping 
needle  is  affected  by  the  earth  as 
by  a  bar  magnet.  In  the  vicinity 
of  the  eqnator  it  hangs  horizontally. 
As  it  is  moved  north,  its  so-called 
north  pole  dips  until  finally  it 
stands  vertical  over  a  point  north 
of  North  America,  but  some  dis- 
tance from  the  geographical  north 
pole,  as  will  be  seen  by  reference  to 
Fig.  131.  Likewise,  the  magnetic 
south  pole  does  not  coincide  with 
the  geographical  south  pole,  as  may 
be  seen  by  reference  to  Fig.  132. 
From  this  it  is  evident  that  the 

magnetic  needle  mounted  so  as  to     p,^  lao.-Dipping  needle, 
swing  horizontally  does  not  point 

exactly-  north  and  south.     Its  deviation  from  that  direction 
is  called  its  declination. 

Figs.  121  and  182  show  the  lines  of  equal  declination, 
and  the  lines  of  equal  dip,  or  inclination,  as  it  is  called,  for 
the  whole  earth.  These  figures  also  show  how  much  the 
magnetic  equator  differs  from  the  geographical  equator. 
The  magnetic  poles  of  the  earth  are  gradually  shifting  their 
position,  so  that  these  figures  are  not  correct  for  all  time.    • 

The  table  below  gives  the  declination  and  the  inclina- 
tion of  the  needle  at  varioua  places  for  the  present  year, 
1900,  The  table  also  gives  the  intensity  of  the  magnetic 
force  at  these  various  places  relative  to  New  York.  The 
absolute  force  of  the  earth's  magnetism  at  New  York,  as 
expressed  in  the  C.-G.-S.  system,  is  .61  dynes — that  is,  a  force 
sufficient  to  move  .61  grams  1  centimetre  in  a  second,  or  1 
gram  .61  centimetres  in  a  second. 
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Fig.  lai,— Nortlieni  Hemispbore 


TABLE   OF    MAHNETIC    DECLINATION,   INCLINATION,    AND 

INTENSITY    FOR   1900. 


New  York 

Washinclon 

Son  Frani-i^^io.. 

Cnpc  Town 

London 

Berlin 

St.  Ptlprslinrf:.. 


ail"  24  w. 

IB'  m  w. 
WW  \v. 


70'  6'  N. 
TO"  18'  S. 
63°  30'  N. 


Inlt'tinlly  rvtall 
Uifll  of  Ni-w  Y 
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Flu.  122.~Suuthtrn  Heuiiaphere. 

The  declination,  dip,  and  intensity  are  all  gradually 
changing.  The  following  table  exhibits  the  change  in 
declination  at  London  for  three  hundred  years : 


1580..... 

...  IV  n  E. 

*.  D.  IH16 

1868..... 

...  24-30' W 
...  20'  33'  W 

...    0°    0' 
...     8°    0'  W. 

...  ]!>'  30'  W. 

1705..... 
1760..... 

1800.. . ... 

1000..... 

...  17°38' W 

...  16'  16'  W 

238.  The  Haiiner's  CompasB. — Tliis  is  merely  a  magnetic 
needle  free  to  move  in  a  horizontal  plane.  It  is  attached 
to  the  underside  of  a  card  (Fig.  123).  This  ia  inclosed  in 
a  box  called  the  binnacle.  A  fixed  line  shows  the  direction 
of  the  keel  of  the  ship,  while  the  card,  being  carried  about 
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by  the  compoBB  needle,  shows  always  the  deriation  of  the 
ship's  course  from  a  north-and-south  direction.  This  devia- 
tion ie  measured  in  "  points,"  each  point  being  11^  degrees. 
Of  course  it  is  necessary  for  the  mariner  to  correct  hia 


reading  for  the  declination  of  the  needle,  which  he  mnst 
determine  from  tables  and  charts. 

The  mariner's  compass  appears  to  have  been  nsed  by 
the  Chinese  in  very  crude  form  long  before  it  was  known 
to  the  Western  world.  It  was  discovered  independently  in 
Europe,  perliaps  in  the  twelfth  century,  but  it  took  Beveral 
centuries  for  it  to  reach  its  perfection.  It  is  difficult  to 
estimate  the  great  value  it  became  in  the  fifteenth  century 
in  enabling  mariners  to  extend  the  boundaries  of  the  known 
world. 

From  the  fact  that  the  earth  is  a  magnet,  we  might  ex- 
pect to  find  that  it  would  induce  magnetism  in  magnetic  sub- 
stances, and  this  we  find  to  be  true.  This  acconnta  for  the 
magnetism  of  the  ore  called  magnetite.  A  compass  needle 
brought  near  to  the  base  of  an  iron  pillar  will  have  its  south- 
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seeking  pole  attracted ;  if  it  ia  carried  to  tlie  top  of  the  pillar, 
its  north-seeking  pole  will  be  attracted.  Prom  the  fact  that 
the  inclination  of  the  dipping  needle  is  over  70°  in  Xew 
York,  we  might  expect  to  find  that  the  bottoms  of  iron  pil- 
lars would  become  north-seeking  poles  by  the  induction  of 
the  earth,  and  such  is  the  fact.  Thus  it  happens  that  no 
magnetic  snbstance  is  ever  entirely  free  from  magnetism. 

339.  The  Lav  of  IhrerM  Bqoaret,— The  magnetic  force, 
like  gravitation,  heat,  light,  and  electrio  attractions  and 
repaUions,  varies  inversely  as  the  square  of  the  distance. 
Fig.  124  explains  this.  The  force  proceeding  from  P  in 
all  directions  as  the  radii  of  a  circle,  would  produce  a  cer- 
tain effect  at  a,  and  only  one  quarter  of  that  effect  at  c, 
which  is  twice  the  distance  of  a;  and  one  ninth  the  effect 
at  c',  which  is  three  times  the  distance  of  a ;  and  one  six- 
teenth the  effect  at  c",  which  is  four  times  the  distance  of 
a.  The  areas  at  c,  c',  and  c",  being  respectively  4,  9,  and 
16  times  as  great  as  that  of  a  (see  Qeoidetry),  the  force 
most  distribute  itself  accordingly ;  but  these  nambers  are 
the  squares  of  %,  3,  and  4  respectively ;  hence  if  we  square 
the  distances  to  be  compared,  we  shall  get  the  rate  at  which 


Pia,  124.— Iai*  of  invene  equareo. 


these  forces  diminish  at  those  distances.  The  usual  form  of 
statement  is :  The  force  varies  inversely  as  the  square  of  the 
distance. 

This  helps  us  to  answer  the  question.  Why  should  a  sliver 
of  iron  move  toward  a  magnet  ?    The  magnet  polarizes  the 
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sliver  of  iron,  eo  that  the  pole  of  the  Bliver  nearest  to  the 

pole  of  the  magnet  is  unlike  it,  and  therefore  they  attract 

each  other;  tlie  farther  pole  of  the 

sliver  is  like  the  pole  of  the  magnet, 

and  therefore  they  repel  each  other. 

But  the  attraction  is  greater  than  the 

repulsion,  because  the  pole  which  at^ 

tracts  is  nearer  than  the  pole  which 

repels,  hence  the  object,  if  light,  and 

if  very    near,   is   moved   toward    the 

magnet. 

Note  that   magnets  in  order  to  exert  any  large  force 

must  be  verp  near  to  the  magnetic  substance. 

230.  Lines  of  Magnetic  Force, — Fig.  ViS  shows  how  lines 
of  force  go  out  from  the  pole  of  a  magnet.  Figs.  126, 
127, 128,  and  129  show  how  these  lines  are  aSected  by  the 
proximity  of  other  poles.  These  lines  of  force  may  be 
mapped  out  upon  paper  by  placing  the  magnet  underneath 
and  distributing  slivers  of  iron  over  the  surface.  Each 
sliver  will  become  polarized  and  act  like  a  small  magnetic 
needle.  A  fuller  illustration, 
however,  will  be  obtained  by 


Fig.  lae.  Fio.  127. 

moving  a  small  compass  around  in  the  vicinity  of  magnets 
placed  as  in  the  figures.     By  means  of  the  compass  oeedie 
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we  get  the  lines  in  three  dimenBions  of  space,  rather  than 
in  the  one  plane  alone  of  the  paper. 

We  aball  learn  in  the  chapter  upon  Current  Electricity 
that  these  lines  of  magnetic  force  may  exist  without  a  mag- 
net. We  apeak  of  the  region  penetrated  by  these  lines  of 
force  as  a  magnetic  field,  and  we  are  able  to  produce,  by 
means  of  electricity,  a  magnetic  field  without  the  presence 
of  any  magnetic  substance.  If  soft  iron  be  brought  into 
this  field,  produced  by  an  electric  current,  it  becomes  a 
magnet,  .as  when  brought  near  a  steel  magnet.     We  speak 


of  it  then  as  an  electro-magnet.  This  subject  will  be 
treated  more  fully  under  Electricity  (Chapter  XXV).  The 
reasons  for  the  earth  being  a  magnet  will  also  be  found 
feere. 

Lines  of  magnetic  force  penetrate  with  perfect  ease 
through  any  substance  except  iron.  The  experiments  rep- 
resented by  Figs.  117  and  135-123  would  not  be  success- 
ful if  sheet  iron  were  used  instead  of  paper.  Glass,  wood, 
or  anything  else  may  be  used,  provided  it  is  thin,  so  as  to 
allow  the  magnet  to  come  very  near  to  the  iron  filings. 
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CHAPTEB  XXIV 

STATIC  XLSCTHIViTy 

331.  SleotiifloatioiL — ExperieDce  teaches  ns  that  in  cold 
weather  maoy  things  are  easily  electrified :  one's  haivrvi^en 
it  is  brushed ;  a  cat's  fur,  when  it  is  ruhhed ;  a  rnhber  pen- 
holder or  comb,  when  dropped  upon  the  floor ;  our  own 
bodiee,  when  we  rnb  onr  feet  upon  the  carpet.  The  elec- 
trification is  shown  by  attraction  and  repnleion  of  light  ob- 
jects, crackling  sounds,  and  sparks.  All  bodiea  are  capable 
of  being  electrified,  under  proper  conditions,  and  any  ob- 
ject which  is  electrified  exhibits  attraction  and  repulsion 
for  all  other  forms  of  matter.  In  this  respect  electricity 
appears  to  be  very  unlike  magnetism,  which  affects  iron 
alone.  The  objects  which  we  choose  as  suiting  beet  oar 
purpose  for  experiment  are  sealing  wax  and  glass.  We  get 
the  best  rcBults  when  we  rub  the  sealing  wax  with  danael 
and  the  glass  with  silk.  Pith  balls  are  chosen  for  the  ex- 
periments, simply  because  they  are  very  light,  and  there- 
fore move  more  readily  under  the  influence  of  the  slight 
forces  with  which  we  deal.  It  is  well  to  gild  the  pith  Imlls 
for  reasons  which  will  appear  in  section  234. 

333.  Two  States  of  Electrifloatlon. — Pith  balls  which  have 
been  electrified  by  contact  with  the  electrified  sealing  wax 
repel  each  other,  likewise  pith  balls  which  hare  been  elec- 
trified by  contact  with  the  electrified  glass  repel  each  other; 
but  pith  balls  which  have  been  electrified,  one  by  contact 
with  the  sealing  wax,  and  the  other  by  contact  with  the 
glass,  attract  each   other.     The  law  is :  Bodies  with  like 
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hind  of  electrification  repel,  those  with  unlike  hinds  attract. 
We  prefer  to  epeak  of  kinds  of  electrification  rather  than 
kinds  of  electricity,  because  we  do  not  believe  there  are  two 
kinda  of  eledridtg.  We  shall  speak  of  glass  as  being  posi- 
tively electrified,  and  sealing  wax  ae  negatively  electrified. 
The  flannel  which  is  rnbbed  upon  the  sealing  wax  becomes 
positively  electrified,  and  the  silk  which  is  rubbed  upon  the 
glass  becomes  negatively  electrified.  Pith  balls,  when  they 
come  tn  contact  with  an  electrified  body,  acquire  the  same 
kind  of  electrification  as  that  body.  The  way  to  determine 
whether  a  body  is  electrified,  or  which  kind  of  electrifica- 
tion it  may  have,  is  to  present  it  to  pith  balls  electrified 
with  each  kind ;  repulsion,  not  attraction,  determines  the 
matter.  One's  hair  "  flies  "  when  brushed  in  cold  weather, 
because  bodies  haTing  like  kind  of  electrification  repel  each 
other. 

233.  Statio  Electricdty  and  Slectrio  Cnrrenta.— The  titles 
of  Chapters  XXIV  and  XXV,  Static  Electricity,  and  Elec- 
tric CurretUs,  are  not  intended  to  convey  the  impression 
that  there  is  more  than  one  kind  of  electricity,  but  that 
electricity  may  manifest  itself  in  different  conditions.  The 
present  chapter  treats  of  electricity  in  a  state  of  tension. 
The  analogous  term  in  water  pressure  is  hydrostatic,  which 
refers  to  the  pressure  of  water  at  rest.  But  electricity  may 
flow,  and  we  have  conductors  for  it.  Whether  the  flow  of 
electricity  through  a  conductor  is  like  that  of  water,  or  like 
that  of  heat,  we  may  not,  at  this  point,  discuss  intelligently. 
Chapter  XXV  treats  of  Electric  Currents,  but  their  con- 
sideration must  also  enter,  to  a  slight  extent,  into  this 
chapter. 

:S34.  Condvcton. — In  Fig.  130  b  c  represents  a  copper 
wire  attached  at  each  end  to  silk  threads  a  h  and  c  d. 
At  e  two  pith  baUs  are  suspended  upon  silk  threads,  and 
at  /  two  pith  balls  are  suspended  by  very  fine  copper  wire. 
Before  the  experiment  begins,  the  pith  balls  at  /  hang  in 
contact  with  one  another,  as  those  at  e.    If  now  we  touch 


an  electrified  body  to  any  part  of  the  copper  wire  b  c,  the 
electricity  flows  through  the  copper  wire  to  the  pith  balls 
at  /,  and,  each  having  the  same  kind  of  electrification,  they 
repel,  us  represented  in  the  figure.  Copper  is  a  conductor 
of  electricity.  Dry  silk  is 
not  a  conductor ;  or,  aa  we 
Bay,  it  is  a  «o«-conductor. 
Hence  the  pith  halls  at  e 
do  not  separate,  becaose 
they  are  hung  upon  silk 
threads.  The  silk  threads, 
a  b  and  c  d,  are  used  to  pre- 
vent the  electricity  from 
flowing  away  from  the  pith 
balls  at  /.  They  are  called  insnlators^ — another  word  for 
non-conductors.  If  we  moisten  either  ab  or  cd,  the  pith 
balls  at  /  will  fall  together  again,  showing  that  the  elec- 
tricity flows  away  throngh  moist  silk.  If  the  silk  threads 
which  suspend  the  pith  balls  at  e  are  moistened,  while  a  b 
and  c  d  are  dry,  an  electrified  body  touching  b  c  will  cause 
tlie  pith  balls  at  e  to  separate,  as  well  ae  those  at  /.  There 
are  no  perfect  conductors,  and  there  are  no  perfect  insu- 
lators ;  hence  electricity  leaks  away  from  all  electrified 
bodies,  and  it  is  difficult  to  keep  them  charged  long.  Dry 
air  is  a  yery  good  insulator,  but  the  moisture  in  the  air  is 
a  good  conductor.  Hence  these  electrical  experiments  work 
best  in  cold  weather  when  there  is  less  moisture  in  the  air. 
■  It  is  well  to  remember  that  the  moisture  of  the  breath  may 
interfere  with  our  experimentg. 

A  telegraph  wire  is  a  conductor  of  electricity,  and  the 
glass  knobs  upon  telegraph  poles  are  insulators. 

In  the  table  wliich  follows,  the  best  conductors  are  at 
the  head  of  the  list.  Electricity  produced  by  friction  will 
force  its  way  quite  readily  through  all  those  in  the  first 
half  of  the  list.  They  may,  therefore,  ail  be  called  con- 
ductors, although  they  difiter  very  widely  among  themselves 
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in  this  respect.  Copper  conducts  more  than  a  miUion 
timeB  aa  well  as  water.  Those  in  the  last  halt  of  the 
list  may  he  called  inBuIators,  the  poorest  conductors  heing 
at  the  eud  of  the  list : 


Copper. 

Paper. 

Iron. 

Air. 

Owbon. 

Silk. 

Dilute  SHlphurio  acid. 

Scaling  WBI. 

Water. 

Qlass. 

Human  body. 

Hard  rubber. 

hianD. 

Porcelain. 

Cotton. 
Woo.1. 

Shellac 

The  chief  diflerence  between  electricity  produced  by 
friction,  as  in  this  chapter,  and  that  produced  by  chem- 
ical action,  as  in  the  nest  cbapterr  is  that  although  fric- 
tion produces  exceedingly  small  quantities  of  electricity,  it 
is  vastly  more  capable  of  pushing  its  way  through  resist- 
ance ;  and  hence  some  things  which  are  called  conductors 
in  this  chapter  will  be  considered  insulators  in  the  next. 
Only  the  first  four  substances  mentioned  in  the  above  list 
will  be  considered  good  conductors  in  the  nert  chapter, 
and  only  the  last  six  are  to  be  considered  really  good  in- 
sulators in  this  chapter. 

We  may  now  see  why  we  chose  sealing  wax  and  glass. 
It  is  because,  being  good  insulators,  they  retain  their  elec- 
trificatioD,  while  metals  and  other  conductors  lose  their 
electrification  as  fast  as  it  is  produced.  This,  however, 
may  be  obviated  by  putting  glass  handles  upon  metals. 
Of  coarse,  the  electricity  spreads  all  over  the  metal  sub- 
stance, while  with  a  non-conductor  it  remains  in  those  parts 
where  it  is  produced.  This  may  be  shown  by  rubbing  seal- 
ing wax  or  hard  rubber,  in  spots,  with  flannel,  and  then  lay- 
ing it  upon  some  granulated  sugar.  It  will  pick  up  the 
sugar  on  those  spots  only  which  have  been  rubbed.  It  will 
now  appear  why  we  proposed  to  gild  the  pitli  balls  in  sec- 
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tion  231.  The  electricity  will  thua  flow  all  oyer  the  enr- 
face,  and  they  will  carry  a  much  larger  charge.  Dry  pith 
is  a  poor  conductor. 

S35.  Indoetlon,  the  Influuuw  of  Sleetrifled  Bodiu  t^on 
Heig^hboring  Olijeeti. — Electrified  bodies,  like  magnetized 
bodies,  exert  an  influence  upon  objects  near  them.  One 
difference,  however,  is  that  an  electrified  body  exerts  its 
influence  upoQ  all  kinds  of  matter  alike ;  whereas  magnets 
affect  iron  only.  In  the  case  of  both  magnetism  and  elec- 
tricity, we  believe  that  the  power  to  influence  objects  with- 
out contact  is  due  to  the  ether,  which,  by  its  wayes,  may 
produce  heat,  light,  electric  and  magnetic 
phenomena.  Indeed,  many  think  that 
electricity  is  the  ether. 

When  an  electrified  body  is  brought 
near  any  neutral  substance,  without  touch- 
ing it,  that  substance  is,  as  we  might  say, 
polarized.    The  part  nearest  to  the  elec- 
trified body  exhibits  the  opposite  kind  of 
electrification,  and  the  more  remote  part 
exhibits  the  same  kind  of  electrification 
as  that  of  the  inducing  body.     This  ap- 
parent action  at  a  distance  is  known  as  induction.    It  is 
not,  however,  action  at  a  distance,  but  action  thnmgh  the 
medium  of  the  ether. 

We  may  now  see  why  there  is  an  attraction  between 
neutral  bodies  and  electrified  bodies,  and  why,  if  either  of 
them  is  very  light  and  free  to  move,  they  will  come  to- 
gether. Fig.  131  represents  an  electrified  stick  of  sealing 
wax  held  near  to  a  pith  ball,  which  it  has  not  yet  touched. 
Its  influence  polarizes  the  pith  ball.  The  aide  nearest  the 
sealing  wax  becomes  positively  charged,  and  the  farther  side 
becomes  negatively  charged. 

Since  bodies  with  unlike  kinds  of  electrification  attract, 
and  thotie  with  like  kinds  repel,  the  pith  ball  is  both  at- 
tracted and  repelled ;  but  tlie  law  of  inverse  squares,  as 


STATIC  ELBCTBICITY  227 

stated  in  gection  329,  holds  for  elccthcit;  as  well  as  mag- 
netism. Because  of  the  difFerence  in  distanoe,  the  attrac- 
tioQ  is  greater  than  the  repnlsion,  and  the  pith  ball  moves 
toward  the  sealing  waz.  As  the  distance  between  them  grows 
less,  the  difference  between  attraction  and  repulsion  grows 
rapidly  greater.  When  the  space  between  the  sealing  wax 
and  the  pith  hall  is  about  equal  to  the  diameter  of  the  ball, 
the  attraction  will  be  fonr  times  as  great  as  the  repulsion. 
When  the  distance  becomes  one  quarter  as  great,  the  attrac- 
tion will  be  sixteen  times  as  great  as  the 
repulsion,  etc.  Thus  the  pith  ball  moves 
faster  and  faster  as  it  approaches  the  elec- 
trified body.  When  it  touches,  there  is  a 
flow  of  electricity  from  the  neutral  body 
to  the  other,  nntil  they  are  in  the  same 
state.  Then  repnlsion  begins  and  the  pith 
ball  flies  off  from  the  sealing  wax.  It 
is  DOW  negatively  charged,  and  wilt  act 
toward  a  neutral  object  as  the  sealing  wax  acted  toward  it. 
If  it  is  brought  near  to  a  neutral  body  it  polarizes  it,  so 
that  attraction  is  greater  than  repulsion  between  them.  If 
the  neutral  body  is  heavier,  or  is  not  free  to  move,  the  pith 
ball  will  move  to  it.  If  the  neutral  object  should  be  a 
second  pith  ball,  of  equal  weight  with  itself  (Fig.  132),  they 
will  move  eqnal  distances  toward  one  another.  When  tliey 
touch  there  will  be  a  flow  of  electricity  from  one  to  the 
other,  and  they  will  then  be  exactly  alike,  and  repel.  The 
second  ball  wUl  produce  exactly  the  same  effect  toward 
neutralizing  the  first  ball  as  the  first  does  toward  electrify- 
ing the  second.  Hence,  every  time  an  electrified  conductor 
charges  another  body,  it  tends  to  neutralize  itself.  This  is 
different  from  magnetism.  A  magnet  is  not  at  all  weak- 
ened by  magnetizing  other  pieces  of  iron.  In  the  next  two 
sections  we  shall  see  how  an  electrified  body  may  enable  ns 
to  electrify  any  number  of  other  bodies,  without  itself  be- 
coming discharged  at  all. 
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236.  B7  Induotioa  a  PoUrind  Body  luy  reoeiTO  a  Clutrg* 
from  a  Heatral  Body. — Fig.  133  represents  an  electrified  stick 
of  sealing  vax  held  near  to  a  neutral  pith  ball,  so  ae  to  infla- 
cnce  it  without  contact.  The  pith  ball  is  polarized  and 
drawn  toward  the  sealing  wax,  as  explained  in  section  235. 
If  now  the  gealing  wax  shonld  be  removed,  the  pith  ball 
would  return  to  its  former  neutral  state ;  but  if,  while  it  is 
polarized  under  the  influence  of  the  sealing  wax,  a  neutral 
object,  as  for  example  one's  finger,  is  allowed'to  touch  the 
pith  ball  and  after  that  the  sealing  wax  is  removed,  the  pith 
ball  will  be  found  to  be  positively  chai^d.    While  we  must 

guard  against  thinking  that  we  know 
/      just  what  happens,  it  is  interesting  to 
/      learn  what  those  who  have  thought  much 
/       about  these    things   have   conjectured. 
/        Benjamin  Franklin  conjectured  that  it 
r^       might  be  something  like  this :  The  elec- 
^^      tricity  of  the  pith  ball  may  have  accamu- 
--  ^      lated,  nnder  the  influence  of  the  sealing 

'      "  Y,a  133  '*^'  '"^  *^®  under  part  of  the  ball,  leav- 

ing the  upper  part  rather  destitute.  This 
fact  he  indicated  by  the  -|-  and  —  signs.  When  another 
object  touches  the  pith  ball,  electricity  flows  in  to  fill  the 
vacancy,  and  now  wlien  the  sealing  wax  is  removed  the  ball 
has  more  than  the  normal  charge. 

237.  The  Electrophonn— This  is  a  further  illustration  of 
the  subject  presented  in  the  last  section.  A  jelly-cake  tin 
with  sealing  wax  melted  in  it,  and  hardened  into  a  layer 
from  an  eighth  to  a  quarter  of  an  inch  in  thickness,  makes 
a  satisfactory  form  of  electrophorus.  It  serves  as  a  con- 
venient moans  for  electrifying  other  objects,  without  losing 
its  own  charge.  The  sealing  wax  is  rubbed  with  flannel. 
This,  by  induction,  enables  us  to  electrify  a  neutral  disk, 
from  neutral  objects,  an  indefinite  number  of  times.  An- 
other jelly-cake  tin,  a  little  smaller  in  size,  serves  well  for 
the  neutral  disk.     This  disk  when  charged  is  handled  hy 
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meana  of  silk  threads  for  iuBulation  (soe  Fig.  134).  The 
bealing  wax,  being  a  non-conductor,  does  not  impart  elec- 
tricity to  the  neutral  disk  in  sufficient  quantities  to  charge 
it,  as  a  stick  of  sealing  wax  may  charge  a  pith  ball.  In- 
deed, the  points  of  contact  betveen  the  sheet  of  wax  and 
the  neutral  disk  are  extremely 
slight.  The  result  is  that  the 
metal  disk  is  polarized  while 


resting  upon  the  wax,  as  shown  in  Fig.  135,  where  a  b  rep- 
resents the  metal  disk  and  c  d  the  sealing  wax.  tf  now  one 
touches  the  disk  with  his  finger,  while  in  this  condition, 
the  disk  becomes  positively  charged  in  the  same  manner 
as  the  pith  ball  described  in  section  236.  If  the  disk  is 
lifted  by  the  silk  threads,  it  will  carry  away  a  poBitive 
charge  as  many  times  greater  than  that  which  a  pith  ball 
would  carry  as  its  area  is  greater  than  that  of  the  pith 
ball.  The  process  may  be  repeated  an  indefinite  number 
of  times  without  again  rubbing  the  wax  with  the  flannel. 
The  disk  is  charged  each  time  by  electricity  from  the  earth 
flowing  through  the  body  of  the  operator  and  off  the  finger 
with  which  be  tonches  the  disk.  If  this  charged  disk  is 
hroQght  near  to  any  neutral  object,  the  discharge  is  marked 
by  a  spark  of  considerable  length.  This  spark  will  light 
the  gaa  if  the  disk  is  presented  to  a  gas  jet.  It  will  ex- 
plode the  mixture  of  oxygen  and  hydrogen  in  the  eudi- 
ometer (see  Fig.  1,  page  9).  If  one  brings  a  finger  to  this 
charged  disk  after  it  is  removed  from  the  influence  of  the 
sealing  wax,  which,  as  we  say,  liolds  the  charge  "  bound," 
he  will  experience,  when  the  spark  passea,  a  slight  prick- 
ing sensation.  We  may,  however,  store,  so  to  speak,  several 
16  . 


of  itB  charges  in  a  condenser,  described  in  the  next  section, 
BO  that  one  will  feel  a  larger  shock,  when  the  charge  is 
taken  all  at  once,  through  the 
body. 

A  very  common  form  of 
electrophorua  is  shown  in  Fig. 
136,  which  consista  of  a  cake 
of  hard  rubber  and  a  metal 
disk  with  a  glass  or  hard-rub- 
ber handle. 

The  electrical  machines  in 
common    use    (see  Fig.   137) 
Fio  130  -Eiottriiphorus  ""^'^  "P°°  ^^^  same  principle 

as  the  electrophorua.     Rotat- 
ing the  glass  disk  accomplishes  precisely  the  same  thing  as 
carrying  a  charge  by  means  of  the  metal  disk  of  the  elec- 
trophorus  and  delivering  it  to  some  object.     The  machine 
delivers  a  continuous  flow  of  charge  through  a  conductor. 
These  machines  also  have 
attached    to    them    con- 
densers, described  in  the 
next  section. 

238.  Condensen.  —  A 
large  beaker  of  chemical 
glassware  makes  a  good 
condenser.  T lie  inside 
and  outside  arc  gilded,  or 
covered  with  tinfoil,  to 
about   two   inches   from 

the  top.     Suppose  this  is  „  ^.         , 

,    ,,  ,;       ■        ,  Fig.  137.— Electncal  machine. 

held  upon  the  hand,  aa 

shown  iu  Fig.  138,  and  the  electrified  cover  of  the  electro- 
phorus  is  brought  to  the  outer  coating.  The  outer  coating 
becomes  positively  electrified,  and  this  polarizes  the  inner 
coating  by  induction.  The  positive  electrification  is  dis- 
charged through  the  hand,  leaving  the  inner  coating  neg»- 
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tively  electrified.     If  now  the  other  hand  ie  brought  to  the 
outer  coating,  the  coatings  of  the  beaker  neutralize  each 
other  by  discharging  through  the  body.    If 
the  cover  of  the  electrophorus  is  discharged 
into  tlie  outer  coating  of  the  beaker  several 
times,  we  find  the  shock  produced  by  the 
discharge  proportionally  increased.   Twenty 
sparks  from  the  electrophorus  will  charge 
the  condenser  sufficiently  to  send  a  consid- 
erable shock  through  a  class  of  thirty  or 
forty  pupils  with  hands  joined.    CondenaerB 
have  a  variety  of  shapes.     The  most  con- 
venient form  is  that  of  the  Lejden  jar,  illus-  pj^  ^^g 
trated  in  Fig.  139.     The  name  is  derived 
from  the  city  of  Leyden  in  Holland,  where  it  was  invented 
in  the  year  1746. 

339.  Lightning. — The  earth,  the  air,  and  the  clouds  con- 
stitute a  natural  condenser  like  a  huge  Leyden  jar.  The 
clouds  constitute 
one  coating,  the 
earth  the  other,  and 
the  atmosphere  rep- 
resents the  glass  in- 
sulator between  the 
two.  This  natural 
condenser  becomes 
charged  in  various 
ways.  Evaporation 
is  perhaps  one  cause 
of  electrification. 
If  tlio  vapor  is  posi- 
tively charged,  as  it 
accumulates  in  the 
clouds,  it  induces  a 
negative  charge  in  objects  upon  the  earth's  surface,  im- 
mediately underneath  the  clouds.     Lightning  is  the  spark 
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which  attends  the  diBcbarge  of  this  natural  condenser.  It 
frequently  h&ppens  that  the  vapor  of  one  clond  is  positively 
charged  with  reference  to  that  of  another,  and  it  is  prob- 
able that  the  lightning  discharge  between  two  clouds  is  of 
much  more  frequent  occurrence  than  that  between  clond 
iind  earth. 

340.  Electrical  Dutribntion— Sffeot  of  Fointi.— If  the 
electrified  body  in  a  non-conductor,  the  electrification  ap- 
pears only  in  those  spots  where  it  was  produced ;  but  If  the 
body  is  a  conductor,  the  charge  spreads  itself  over  all  the 
surface.  The  opposite  extremities  are  not  poles,  as  in  the 
case  of  a  magnet,  nor  is  the  intervening  part  neutral.  The 
charge,  however,  whether  positive  or  negative,  affects  the 
outer  surface  only,  and  this  gives  us  trouble  with  Franklin's 
conjecture,  men- 
tioned in  section 
236.  The  fact  is, 
that  if  the  gild- 
ing of  an  electri- 
fied pith  ball  should  fall 
ofl,  it  would  remove  all 
signs  of  electrification, 
whether  -|-  or  — ,  from  the 
pith  ball.  This  is  shown 
by  an  experiment  with  the 
apparatus  illustrated  in 
Fig.  140.  A  neutral  ball 
upon  an  insulated  sup- 
port is  covered  with  two 
metal  hemispheres.  It  is 
electrified  either  before  or  after  the  hemispheres  are  put 
on;  but  when  the  hemispheres  are  removed  by  the  gloss 
handles  they  alone  are  found  to  be  electrified.  The  sphere 
itself  is  left  in  a  neutral  state.  If  an  insulated  tin  cup  is 
electrified,  no  sign  of  a  charge  will  be  found  inside  the  cup, 
but  only  upon  the  outer  surface.     The  charge  is  also  found 
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to  be  most  intense  upon  projecting  portions,  as  the  handle 

of  the  cup.     If  an  egg  is  inaulated  and  electrified  the 

greatest     in- 

tenaity    of 

charge  will  be 

found     npon 

the  small  end 

of    the    egg. 

If    we     con- 

ect  egg-shaped, 

small  end  Tery 

out,  as  in  Fig. 

irence  between 

'  of  the  charge 

alongation  and 

the  rest  of  the  surface  will 

be  very  marked.     If  the  small  end  is  made  into  a  sharp 

point,  the  tension  of  the  charge  will  be  increased  at  this 

point  to  such  an  ex- 
tent that  the  elec- 
tricity  which,    as 

was  said  in  section 

334,  always   leaks 

away  to  acme  i 

tent,  will  disappear   ' 

rapidly.        Hence, 

objects     like    the 

pith     ball,    which 

should     retain     a 

charge,  are  made  as 

round  and  smooth 

as  poBsible.     This 

accounts    for    the 

many  knobs  npon  ~" 

electrical  apparatus.    When  points  are  used,  as,  for  example, 

the  "■combs"  on  the  electrical  machine  (see  Fig.  137),  they 
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are  to  facilitate  the  discbai^e  from  one  poition  of  the  appa- 
ratus to  another.  If  a  portion  of  the  electrical  machine 
haa  a  point  projecting  from  it,  as  shown  in  Fig.  143,  it 
will  create  a  Bufficient  breeze  to  blow  oat  a  candle.  Tliis 
may  be  accounted  for  by  supposing  that  the  particles  of 
air  are  electrified  and  thrown  off  at  this  point,  like  pith 
balls,  in  a  stream.  If  the  points  are 
arranged  at  the  extremities  of  the 
spokes  of  a  wheel,  as  shown  in  Fig, 
143,  the  wheel  will  rotate  as  a  lawn 
sprinkler,  which  throws  off  streams 
of  water  from  its  arms.  As  has  been 
already  stated,  an  electrified  cloud 
induces  the  opposite  state  of  electri- 
fication in  that  portion  of  the  earth 
which  is  immediately  underneath  it. 
Mountain  peaks,  spires  of  buildings, 
lightning  rods,  masts  of  ships,  etc., 
like  points  upon  electrical  appara- 
tus, facilitate  the  discharge  between 
the  earth  and  the  clouds.  If  an  electrical  machine  is  oper- 
ated in  a  dark  room,  a  pale  light  is  seen  to  stream  from 
sharp  points  upon  the  machine.  This  phenomenon  occurs 
in  Nature  on  a  grand  scale.  Sailors  notice  pale  flames 
streaming  from  the  tips  of  the  masts  when  a  strongly  elec- 
trified cloud  is  passing  over.  This  is  called  by  them  St. 
Elmo's  Fire. 
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CHAPTEE  XXV 

XLXCTRIC  CVHRElfTS 

I.  Genbratoes  of  Electeio  Cuebbnts 

341.  Souroes  of  £leotria  Cnrrenti. — Observe  that  we  do 
not  say  Bources  of  eloctricity.     That  would  be  incoaeistent. 
Assuming  electricity  to  be  identical  with  the  ether,  we  can 
neither  create  nor  destroy  it.     But  electricity  may  be  set  in 
motion  ;  this  flow  of  electricity  from  one  point  to  another 
is  the  aubject  of  this  chapter,  and  we  may  properly  begin 
with  the   sources  of  the 
current.     The  discharge 
of  a  Leyden  jar,  or  other 
electrified  body,  through 
a  condnctor,  is  a  current 
of  electricity.    If  we  con- 
nect the  two  knobs  of  the 
electrical  machine  repre- 
sented in  Fig.  144  by  a 
copper  wire,  a  constant 
current     of     electricity 
flows    through    the   wire 
while     the     machine     is  F"".  i«,-Electrical  mi^hins. 

operated.  The  current  produced  by  this  machine  ia,  how- 
ever, extremely  slight  in  quantity,  and  is  therefore  of  little 
use,  although,  as  was  stated  in  section  234,  it  has  exceed- 
ingly high  tension  and  can  push  its  way  through  poor  con- 
ductors. A  few  analogies  will  help  to  make  clear  the  dis- 
tinction between  high-tension  and  large-quantity  currents. 
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The  current  which  we  get  from  the  electrical  machine  men- 
tioned aboTe  may  be  compared  with  a  stream  of  water  com- 
ing through  a  pin  hole  in  the  hottom  of  a  very  deep  tank 
which  is  full  of  water.  Although  the  "  head  of  water  "  may 
be  very  great,  the  quantity  is  too  small  to  turn  a  mill 
wheel.  Or  it  may  be  compared  with  a  pile  driver  weighing 
only  one  ounce,  but  raised  to  a  great  height.  It  falls  with 
great  velocity,  but  with  too  little  momentum  to  move  the 
pile.  Or  it  may  be- compared  with  a  cup  of  water  heated  to 
the  boiling  point.  Its  temperature  is  very  high,  but  the 
quantity  of  heat  is  too  small  to  modify  the  climate,  or  to 
heat  a  house  or  to  cook  a  dinner.  In  these  analogies  water 
pressure,  velocity,  and  temperature  represent  electric  tension. 
In  the  present  chapter  we  shall  disoover  means  for  produ- 
cing electric  currents  in  larger  quantities,  although  the 
tension  will  be  quite  low  and  they  will  not  flow  through 
much  resistance.  By  way  of  analogy  they  may  be  compared 
with  the  flow  of  a  large  stream  of  water,  having  only  a  few 
feet  of  fall  but  capable  of  operating  a  water  wheel.  Or 
they  may  be  compared  with  a  pile  driver  of  considerable 
size,  capable  of  driving  a  pile  by  falling  only  a  few  feet. 
Or  they  may  be  compared  with  a  large  body  of  water 
slightly  warm,  but  able  to  modify  the  temperature  of  sur- 
rounding objects  for  a  long  time  by  reason  of  its  large 
quantity  of  heat. 

We  shall  present  in  this  chapter  three  sources  of  cur- 
rent— chemical  action,  mechanical  motion,  and  heat — and 
these  forms  of  energy  are  transformed  into  current  by 
means  of  the  haftery,  the  dynamo,  and  the  thermopile  re- 
spectively. Turning  back  for  a  moment  to  the  general 
conception  of  work,  it  will  be  recalled  that  work  is  the 
overcoming  of  resistance  through  space,  and  involves  both 
motion  and  something  to  be  moved.  Energy,  or  the  power 
to  do  work,  is  only  possible,  therefore,  when  we  have  mat- 
ter in  such  a  position  that  it  is  capable  of  motion.  This 
means  inequality  of  condition,  and  therefore  possible  ex- 
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change.  The  weight  on  top  of  the  pile  driver  repreBents 
8tored-np  work  simply  because  there  is  &  lower  level  to 
which  the  weight  may  fall.  The  eteam  in  the  boiler  repre- 
sents stored-np  work  simply  because  there  is  a  lower  tem- 
perature to  which  the  steam  may  fall.  All  matter  st  the 
same  level,  all  bodies  at  the  same  temperature,  represent  no 
possible  interchange,  and  therefore  no  available  energy. 
Lift  some  of  the  matter  above  the  general  level,  and  at 
once  we  have  potential  energy.  Heat  some  of  the  bodies 
above  the  genera)  temperature,  and  we  have  available  en- 
ergy. The  water  u(wtream  turns  the  mill  because  of  the 
lower  level  downstream.  Applying  this  thought  to  elec- 
tricity, we  see  that  so  long  as  the  electric  level  is  undis- 
turbed, there  is  no  electric  current.  The  universe  is  as 
full  of  electricity  as  the  ocean  is  of  water,  but  just  as  the 
ocean  muat  be  lifted  up  by  evaporation  and  precipitated  in 
rain  upon  the  hills  before  it  is  available  as  a  water  power, 
80  to  make  electricity  available  as  a  source  of  energy  we 
must  distarb  its  level,  and  we  must  provide  a  suitable  chan- 
nel throngh  which  the  equilibrium  may  be  brought  about. 
All  devices  for  prodncing  electric  currents  may  be  regarded 
as  devices  for  changing  the  electric  level,  and  all  conduct- 
ors as  channels  for  bringing  about  equalization  of  level. 
If  the  difference  of  level  is  temporary,  the  current  will  be 
temporary ;  but  if  the  difference  of  level  is  constantly 
maintained,  and  the  channel  remains  the  same,  the  current 
will  also  be  constant. 

ZiZ.  Xleotrie  Potential  is  the  term  applied  to  electric 
level.  Carrenta  flow  from  a  place  of  high  potential  to  a 
place  of  low  potential.  In  case  the  potential  ts  equal, 
there  is  no  flow  of  cnrrent.  The  production  of  current  is 
practically  the  process  of  maintaining  a  difference  of  po- 
tential. This  is  also  called  ekrtro-motive  force,  abbreviated 
to  E.  M.  F.,  or  simply  E ;  the  unit  for  the  measurement  of 
which  is  called  the  voH  (2>'>4),  a  name  derived  from  Volta, 
the  inventor  of  the  voltaic  cell. 
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243.  The  Voltaic  Cell  (Fig.  145)  is  a  machine  for  main- 
taining a  conetaiit  difference  of  potential  through  conetant 
chemical  action.     In  its  simplest  form  it  consiatH  of  two 
metulB  joined  by  a  conductor  and  moistened  by  some  liquid 
that  will  dissolve  one  of  them.     A  gar  of  water  acidulated 
with   sulphuric   acid,   Q,SO„ 
and  containing  a  strip  of  cop- 
per and  a  atrip  of    zinc,  con- 
stitutes a  simple  voltaic  cell. 
On  joining  the  copper  and  the 
zinc  by  a  wire,  a  current  flowa 
from    the  one   to    the  other. 
Meanwhile  the   zinc   is  being 
acted  upon  by  the  acid,  and  is 
pasBing  into  solution   as  zinc 
sulphate,  ZnSO,,  while  bubbles 
FiQ.  145. -The  voitftic  Mil.         of  hydrogen,  H,  appear  on  the 
copper  plate.     The  chemical 
action  is  aa  follows  :   Zn  +  H,SO,  =  ZnSOj  -|-  2H.      The 
source  of  current  here  is  the  chemical  action  between  the 
zinc  and  the  acid.      The  copper  remains  unchanged,  but 
iu  its  ubsoiiee  we  should  have  no  current ;  we  should  have 
the  same  chemical  reaction,  but  the  physical  product  would 
be  heat.     The  solutioii  would  become  very  hot.     The  cop- 
per largely  prevents  this  production  of  heat,  and  causes  the 
energy  to  appear  as  electric  current.     The  zinc,  being  the 
metal  acted  upon,  and  the  apparent  source  of  the  differ- 
ence of  potential,  is  termed  the  electro-positive  metal,  while 
the  copper  is  the  electro-negative  metal. 
The  galvanic  ceW  consists,  then,  of — 

1.  The  electro-positive  metal. 

2.  The  electrolyte,  or  substance  which  will  produce  a 
chemical  reaction  with  the  positive  metal. 

3.  The  electro-negative  element. 

We  may  substitute  for  zinc  any  other  metal  that  wiU  he 
acted  upon  by  the  electrolyte  chosen.     Instead  of  the  sul- 
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phnrio  acid,  we  may  use  bd;  other  snbBtance  that  will 
produce  a  chemical  change  with  the  electro-positive  metal. 
And,  finally,  the  electro-negative  element  may  be  an;  con- 
dactor,  snch  as  platinnm  or  carbon — that  is,  insoluble  or 
less  solnble  than  the  electro-positive  metal.  It  need  not 
itself  be  a  metal. 

By  means  of  a  condensing  electroscope,  the  npper  end 
of  the  carbon  can  he  shown  to  be  positively  but  very  feebly 
charged,  and  the  upper  end  of  the  zinc  to  be  likewise  nega- 
tively charged  by  a  conductor,  wire  or  other.  In  order  that 
there  may  be  a  current  of  electricity,  there  must  be  a  com- 
plete circuit — that  is,  ihe  upper  ends  of  the  carbon  and  the 
zinc  must  be  connected.  We  think  that  the  current  flows 
through  the  wire  from  the  carbon  to  the  zinc,  and  through 
the  solution  from  the  zinc  to  the  carbon. 

For  convenience  in  introducing  various  pieces  of  appa- 
ratus into  the  electric  circnit  we  have  two  wires,  one  con- 
nected with  the  carbon  and  the  other  connected  with  the 
line.  The  free  ends  of  these  wires  are  called  poles.  The 
free  end  of  that  connected  with  the  carbon  is  called  the 
positive  pole,  and  the  free  end  of  the  other  wire  is  called 
the  negative  pole.  In  short,  any  point  in  the  circuit  is 
positive  with  reference  to  any  other  point  in  the  circuit 
toward  which  the  current  flows,  and  negative  with  refer- 
ence to  any  other  point  in  the  circuit/rom  which  the  cur- 
rent flows.  So  that  in  the  solution  the  zinc  is  positive 
with  reference  to  the  copper  or  carbon ;  but  ontside  of  the 
cell  the  wire  connected  with  the  copper  or  carbon  is  colled 
the  positive  pole  or  the  anode,  while  that  connected  with 
the  zinc  is  called  the  negative  pole  or  kathode. 

244.  The  Xleotro-Chemioal  Beriet, — Since  we  need  only 
chemical  action  and  a  suitable  conductor,  the  choice  of  ma- 
terials for  a  galvanic  cell  covers  a  wide  range.  But  what  we 
are  working  for  is  a  strong,  constant  current  of  electricity, 
and  so  onr  choice  of  material  must  practically  be  limited  to 
combinations  that  will  give  this  result.     If  we  arrange  the 
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available  chemical  elements  in  a  list  according  to  their 
properties,  patting  those  first  which  are  the  most  readily 
oxidized,  we  shall  find  that  the  strongest  carrent  results 
when  two  widely  separated  elements  are  chosen.  Snch  a 
list  wonld  stand  as  follows : 

+  Sodium.  Copper. 

M&gnedum.  Silver. 

Zinc  Gold. 

Lead.  PUtinum. 

TiD.  -Carbon. 

The  alkali  metals,  such  as  sodinm,  and  the  alkaline-earth 
metals,  euch  as  magnesiam,  are  practically  ruled  out  on 
acconnt  of  the  too  great  energy  of  their  chemical  afQnity 
and  their  expense.  Zinc,  therefore,  is  the  electro-positive 
metal  nsually  chosen.  At  the  other  end  of  the  series  cop- 
per and  carbon  are  the  electro-negative  elements  most 
frequently  used.  But  any  element  in  the  list  is  electro- 
positive with  respect  to  the  element  following  it,  and  elec- 
tro-negative to  the  one  before  it.  The  order  of  the  list 
also  represents  the  heat-producing  power  of  the  elements. 
This  is  very  significant  when  we  remember  that  the  chem- 
ical action  yields  heat  when  the  conditions  are  such  that  it 
may  not  yield  a  current,  as  when  the  copper  or  carbon  is 
wanting. 

245.  Local  Action  and  Polarimtioii.— The  zinc-carbon- 
sulphuric  acid  cell  just  described  is  not  a  very  practical 
machine,  for  two  reasons :  the  zinc  wastes  away  when  the 
cell  is  not  in  operation,  and  the  current  is  far  from  con- 
stant. The  waste  is  due  to  local  action,  and  the  tincoti' 
slancy  to  polarization.  f 

Loral  Action. — If  chemically  pure  zinc  be  used,  it  will 
only  dissolve  when  it  is  in  connection  with  the  carbon  and 
the  current  is  flowing.  But  the  zinc  of  commerce  is  far 
from  pure.  It  contains  appreciable  quantities  of  iron  and 
carbon,  and  dissolves  in  the  acid  even  when  not  connected 
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with  the  copper.  This  is  dae  to  local  action  betveen  the 
sue  and  the  iron  or  other  impnrity  by  which  we  have 
internal  carrentB  set  up,  and,  as  a  result,  constant  waste. 
It  may  be  avoided  by  amalgamating  the  zinc.  A  few  drops 
of  mercnry  are  rnbbed  over  the  clean  and  acid-moistened 
plate  of  zinc,  forming  a  surface  amalgam.  The  impurities 
do  not  dissolre  in  the  mercury.  Hence  the  plate  acts  like 
pure  zinc,  and  the  amalgam  goes  on  forming  during  the 
action  of  the  cell,  just  as  rapidly  as  the  zinc  is  dissolved 
out  by  the  acid. 

Polarization  ia  a  more  serious  evil.  The  hydrogen  lib- 
erated by  the  chemical  action  of  the  zinc  and  sulphuric 
acid  is  electro-positive,  and  hence  gathers  upon  the  carbon 
or  electro-negative  plate.  This  not  only  acts  as  an  insu- 
lator of  the  negative  plate  from  the  current — the  gas  not 
being  80  good  a  condnctor  as  the  solution — but  it  lessens 
the  difference  of  potential  between  the  two  plates.  Indeed, 
the  hydrogen,  if  it  should  completely  cover  the  carbon 
plate,  would  change  it  from  an  electro-negative  to  an  elec- 
tro-positive plate.  The  current  in  consequence  grows 
weaker  and  weaker,  the  carbon  plate  is  said  to  be  polar- 
ized, and  can  only  be  restored  to  full  action  by  the  removal 
of  the  hydrogen.  Different  methods  have  been  suggested 
for  the  prevention  of  polarization,  and  have  given  rise  to 
our  present  large  number  of  kinds  of  voltaic  cells,  some  of 
which  are  mentioned  in  the  following  list : 

246.  Some  Typical  Cells. 

E.  H.  F. 

VoltB. 

Bichromate  cell 21 

BuDsen  cell 1.9 

Leclanchf  cell 1,4 

Dnniell  cell l.«i 

GraTity  cell 1.05 

In  the  bichromate  cell  (Fig.  146)  the  zinc  plate  is  sus- 
pended between  two  plates  of  carbon,  and,  being  attached 
to  an  adjustable  rod,  may  be  drawn  up  into  the  neck  of  the 
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bottle  and  quite  out  of  the  sotution  when  the  cell  U  not  in 
use.     Chemical  depolarization  depends  in  all  casOB  npon 
the  action  of  an  oxidizing  agent. 
The  hydrogen  is  thas  changed 
into  water,  H,0.     In  the  bichro- 
mate cell  the  oxidizing  agent  is 
bichromate  of  sodium,  NafCr,Oi. 
About  one  pound  is  added  to  a 
gallon  of  water  and  a  pint  of  sul- 
phuric acid.     When   the    solu- 
tion ia  freah  it  is  bright  red,  but 
gradually  turns  dark  and  green 
from  the   reduction   of   the  bi- 
chromate.    The  capacity  of  the 
jars  varies  from  half  a  pint  up  to 
a  gallon.     The  bichromate  cell 
has  long  been  a  favorite  one  for 
Fia.  140.-Tl.e  bichromate  cell,  ^^^t"™  use.as  it  gives  a  powerful 
current  and  is  always  ready. 
The  Bunsen  cell  (Fig.  147)  is  a  donble-fluid  cell.     The 
electro-negative  element  is  carbon,  immersed  in  the  oxidiz- 
ing agent,  strong  nitric  acid,  EXOg,  contained  in  an  inner 
porous     cup.      The    zinc    is 
amalgamated,  and  is  in   the 
form  of  a   cylinder  open   at 
both  ends.     It  surrounds  the 
porous  cup,  and  stands  itself 
in  dilute  sulphuric  acid:   The 
hydrogen  liberated  by  the  solu- 
tion of  the  zinc  passes  through 
the  porous  cup,  but  fails  to 
reach  the  carbon,  because  it 
meets  the  nitric  acid  and  is 
oxidized  to  H5O  with  the  lib- 
eration of  red  fumes  of  nitro- 
gen peroxide,  NO^     The  cell        fw,  U7.— The  Bunseo  eelL 

vioogic 
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is  strong  and  conetant,  but  the  peroxide  fmnes  are  corro- 
sive and  poiBonouB. 

The  Leclanchi  cell  (Fig.  148)  is  a  single-fluid  combina- 
tion in  which  zinc  and  carbon  are  immersed  in  a  solution 
of  ammoninm   chloride,  NHjCl,  and   polarization  is  pre- 
vented by  surrounding  the  carbon  with  a  packing  of  mixed 
carbon  and  black  oxide  of  manganese,  MnOg.     The  zinc 
may  be  in  the  form  of  a  pencil,  or  a  cylinder  surrounding 
the  carbon.     The  action  is  very  simple.     The  zinc  forms  a 
soluble  double  chloride  of  zinc  and  ammonia,  while  free 
hydrogen  and  ammonia  gas,  NHs,  pass  toward  the  carbon. 
But  the  oxide  interposes,  tak-     ^ 
ing  care  of  the  hydrogen,  and  "' 
the  ammonia  gas  escapes  in- 
to the  air.    The  oxide  of  man- 
ganese is  itself  reduced  to  a 
lower  oxide,  and  must  in  time 
be  removed.     These  cells  are 
used   in  almost  every  house 
for    ringing    electric    bells. 
Their  great  virtue  is  that  no 
chemical   action  takes  place 
in  them    except    when    the 
electric   current    is  flowing. 
Hence   they    are    known  as 
"  open  -  circnit "     batteries. 
For  ordinary  household  pur- 
poses they  may  last  a  year  or 

two  without  any  replenishing      p,^  i48.~The  Ledauch*  cell. 
of  parts. 

The  Daniell  cell  introduces  an  entirely  new  method  of 
preventing  polarization.  A  copper  plate  is  immersed  in  a 
solution  of  copper  sulphate,  CuSO„  in  the  outer  glass  jar, 
and  zinc  is  immersed  in  sulphuric  actd  in  an  inner  porous 
jar.  The  hydrogen  which  is  set  free  by  the  action  of  the 
sulphuric  acid  upon  the  zinc  passes  through  the  porous  cup. 
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but  instead  of  collecting  upon  the  copper  plate  it  decom- 
poees  the  copper  sulphate,  forming  HtSOt  and  aetting  the 
copper  free  which  is  deposited  upon  the  copper  plate.  The 
copper,  being  electro-negative,  doea  not  change  the  char- 
acter of  the  negative  element,  and  the  current  therefore  ia 
almost  constant.  The  outer  liquid  ia  maintained  a  satu- 
rated solution  of  copper  sulphate  by  crystals  of  the  salt. 

The  gravity  cell  (Fig.  149)  ia  a  modification  of  DanielPs, 
and  dispenses  with  the  porous  cup.     The  copper  rests  on 
the  bottom  of  the  jar.     A  saturated  solution  of  copper  sul- 
phate completely  covers  the  copper,  extra  crystals  of  the 
sulphate   being  placed  in  the  bottom.     The  zinc   ia  sus- 
pended from  the  top  of  the  jar,  about  four  inches  above  the 
copper.     It  is  surrounded  by  a  solu- 
tion of  zinc  sulphate,  which,  being 
less  dense,  floats  on  top  of  the  heavy 
copper  sulphate  solution.     The  ceO 
''  gets  its  name  from   the  fact  that 

gravity  replaces  the  porous  cup  in 
c  keeping    the    two   solutions  apart. 

The  zinc  sulphate  increases  aa  the 
zinc  wastes  away,  and  must  be  re- 
Fio.  14».— The  gravity  cell,  """ved  from  time  to  time.  The 
copper  sulphate  is  used  up,  and 
must  be  renewed  by  dropping  fresh  crystals  into  the  bot> 
tom  of  the  jar.  As  the  copper  sulphate  forms  a  deep-blue 
solution,  one  can  always  tell  when  more  crystals  are  needed. 
The  blue  color  should  extend  above  the  copper,  but  never 
quite  reach  the  zinc. 

On  account  of  its  convenience,  economy,  and  constancy, 
the  gravity  cell  is  used  almost  entirely  for  telegraphic 
work.     One  may  see  them  at  nearly  every  railway  station. 

The  number  of  actual  and  possible  cells  is  legion.  We 
have  described  only  those  which  are  to-day  moat  important 
and  most  frequently  met.  They  are  all  simple  machines 
for  maintaining  a  more  or  less  constant  difference  of  poten- 
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tial  between  two  points,  and  conseqnently  setting  up  an 
electric  current. 

347.  The  Battery  of  Cells. — When  several  cells  are  joined 
together,  they  form   a   voltaic   battery.     If   the   positive 
metal  of  one  cell  is  joinod  to  the  negative  element  of  the 
next  cell,  and  so  on  throughout  t"""  ------ 

the  current  passes  through  one  eel 
other,  and  the  battery  is  said  to  be 
tM  series  (Fig.  150).  Thus  the  difE 
the  potential  of  carbon  and  zinc 
of  each  cell  is  multiplied  by  the 


Fio.  ISO,— Cells  \a  Beriw.  Via.  151.— Ptiiiipa  in  serira. 

number  of  cells,  and  a  battery  of  three  cells  so  arranged 
will  posh  its  current  throngh  three  times  as  much  resist- 
ance as  one  cell  would  be  able  to  do.  The  analogy  of 
three  water  pumps,  arranged  as  represented  in  Fig.  151, 
will  help  to  make  this  clear.  All  the  water  which  traverses 
the  circuit  must  go  through  each  pump.  Each  pump 
raises  the  water  level  by  a  certain  amount,  and  it  is  mani- 
fest that  the  water  pressure  in  the  return  pipe  is  three 
times  as  great  as  it  would  be  if  it  returned  from  the  outlet 
of  the  first  pump. 

If  all  the  positive  metals  are  joined  together  and  all  the 
negative  elements,  the  current  passing  through  all  the  cells 
at  the  same  moment,  the  battery  is  said  to  by  arranged  in 
parallel  (Fig.  152).  This  is  analogous  to  the  arrangement 
of  pumps  represented  in  Fig.  15;},  where  only  one  third  of 
the  water  goes  through  each  pump.     Three  pumps  raise 


the  level  of  the  water  no  higher  than  one  pump  would,  and 
the  water  preesure  in  the  return  pipe  ia  no  greater  than  it 
would  be  if  one  pump  acted  alone,  but  three  tiniea  as  great 
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a  quantity  of  water  may  be  supplied  to  the  return  pipe  as 
iu  the  former  case.  Tlie  arrangement  chosen  muet  depend 
upon  the  work  to  be  done,  and  this  will  be  diacuaaed  in 
section  357. 

II.  Some  Effects  of  Elf,ctric  Cubbents 
348.  Electric  Cmrenti  recognized  by  tbeir  E^oti. — To  a 
caaual  obserrer  there  ia  no  evidence  that  the  cell  produces 
an  electric  current,  and  we  must  therefore  learn  to  recog- 
nize the  current  from  some  effect  which  it  may  produce, 
■\V'e  will  stop  to  study  some  of  the  effects  of  the  current 
before  we  go  on  to  con.^ider  its  further  production  by  the 
dynamo  and  thermopile.  These  effects  cover  a  very  wide 
range,  and  the  immense  variety  of  the  phenomena  growing 
out  of  electricity  conatitutes  its  chief  faacination.  Those 
which  we  shall  consider  are  physiological,  thermal,  chemical, 
and  magnetic. 

949.  Phyiioli^cal  Efflects.— It  is  difficult  to  get  any  evi- 
dence from  our  sense  of  feeling  that  the  cell  produces  any 
electric  current,  because  our  bodies  are  not  sufficiently 
good  conductors  (see  234)  for  the  cell,  with  its  alight  poten- 
tial, to  send  any  of  the  current  through  our  flesh.  Of 
course,  a  sufficiently  large  number  of  cells  arranged  in  series 
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would  send  a  current  that  might  be  felt,  but  the  bsttories 
of  such  number  of  cells  ae  we  are  likely  to  use  in  the  lab- 
oratory are  not  capable  of  sending  through  the  human  body 
any  appreciable  current.  If  the  poles  of  two  or  three  cells 
couQected  in  series  are  touched  to  the  tip  of  the  tongue  a 
few  millimetres  apart,  a  slight  sensation  is  felt,  but  the  ' 
amount  of  carreDt  that  passes  is  exceedingly  small.  We 
may  therefore  handle  our  battery  wires  vithout  insulation 
and  lose  no  current.  For  more  interesting  pbyuological 
effects  we  must  have  high-tension  currentB,  such  as  will  be 
considered  in  future  sections  upon  induction. 

350.  Thermal  Eff«cti. — Whenever  a  current  meets  reaiat- 
snce,  heat  is  produced  in  much  the  same  way  as  when  me- 
chanical motion  encounters  friction.  In  both  cases  there 
ia  waste  of  energy.  Even  the  beat  conductors  offer  some 
resistance,  and  consequently  the  temperature  of  every  con- 
ductor rises  a  little  whUe  an  electric  current  is  passing 
throagb  it.  In  the  case  of  all  fonus  of  electric  light  we 
parpoaety  introduce  resistance  to  the  current,  so  as  to  get 
heat  and  light  from  it.  In  the  arc  lamp  the  tremendous 
resbtauce  of  the  air  produces  the  voltaic  arc,  one  of  our 
most  intense  sources  of  heat.  In  the  incandescent  lamp 
the  high  resistance  of  the  filament  of.  carbon  develops 
enough  heat  to  make  the  carbon  white  hot. 

Electric  stoves  are  simply  resistance  boies.  The  elec- 
tric stove  used  in  the  trolley  cars  consists  of  several  coils  of 
wire.  They  offer  so  much  resistance  to  the  passage  of  the 
carrent  that  they  become  much  heated,  and  then  act  simply 
as  radiators.  In  the  stoves  used  for  cooking  the  wires  are 
generally  of  platinum  or  German  silver,  buried  in  fire  clay 
or  in  asbestos. 

The  electric  furnaces  used  to  reduce  ores  of  aluminium 
and  other  metals  consist  of  a  fire-clay  boi  provided  at  each 
end  with  a  carbon  terminal,  and  packed  with  a  mixture  of 
carbon  and  ore.  When  the  current  passes  it  meets  such 
tremendons  resistance   that   a  corresponding  amount  of 
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heat  \B  developed,  and  the  refractor;  ore  is  redaced  to 
metal. 

The  cnrreat  ie  applied  with  great  enccess  to  the  welding 
of  metals.  The  pieces  to  be  welded  are  pressed  together 
with  mnch  force,  and  a  large  current  is  passed  through  the 
juDcture.  Great  heat  is  developed  and  the  welding  is  very 
perfect. 

The  solutions  in  the  battery  cellB  rise  in  temperature 
when  the  current  passes,  because  of  the  resistance  which 
they  offer  to  the  current. 

If  the  wires  from  a  battery  of  two  cells  connected  tn 
series  be  rubbed  upon  a  file,  a  brilliant  shower  of  sparks 
wiU  be  produced.  Minute  particles  of  metal  are  made  in- 
candescent by  the  resistance  offered  to  the  current  as  the 
wires  dance  along  over  the  file. 

3fil.  Chemical  Effect!,— The  chemical  action  in  the  cell 
produces  an  electric  current,  and  this  electric  current  is  in 
turn  able  to  produce  chemical  action.  In  the  cell  zinc  de- 
composes the  sulphuric  acid,  forming  zinc  sulphate;  which 
remains  disaolved  in  the  water  used  in  the  cell.  If,  when 
the  cell  is  "  run  down,"  we  dip  the  poles  of  a  sa£Boiently 
strong  battery  into  this  solution  of  zinc  sulphate,  the  elec- 
tric current  will  decompose  this  zinc  salphate  again,  the 
zinc  gathering  about  the  negative  pole  and  the  sulphuric 
acid  gathering  about  the  positive  pole.  This  process  of 
decomposing  compounds  by  electricity  is  called  electrolysis. 
AVhen  we  have  decomposed  this  zinc  sulphate  into  zinc  and 
sulphuric  acid  it  will  act  as  a  battery  cell  and  produce 
again  an  electric  current.  This  is  one  fonn  of  a  stor^e 
battery,  and  the  act  of  decomposing  its  zinc  sulphate  -into 
zinc  and  sulphuric  acid  by  means  of  an  electric  current  is 
called  charging  the  battery  cell,  or  storing  electricity — an 
expression  which  is  misleading. 

Storage  batteries,  or  accumulators,  were  first  announced 
in  practical  form  by  Gaston  Plants  in  1S60.  In  its  com- 
monest form  the  storage-battery  cell  consists  of  two  plates 
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of  lead,  each  hariiig  holes  filled  with  a  paste  of  lead  ox- 
ide, ID  dilute  anlphuric  acid.  When  an  electric  current 
is  passed  through  this  cell  the  anode  (the  plate  of  lead 
which  is  the  positive  pole — that  is,  which  is  connected  with 
the  wire  from  the  negative  plate  in  the  battery)  becomes 
covered  with  a  coating  of  peroxide  of  lead,  PbO^  while  the 
kathode  is  covered  with  particles  of  lead  in  a  spongy  form. 
In  this  condition  the  accumulator  is  said  to  be  "  charged." 
For  this  reason  it  is  sometimes  called  a  storage  battery,  but 
in  reality  electricity  ia  not  stored  in  it  any  more  than  heat 
is  stored  in  coal,  or  houses  and  farms  are  stored  in  a  bank. 
The  electric  current  sent  through  the  accumulator  does 
chemical  work  in  breaking  chemical  compounds,  which, 
when  they  reform  again,  will  generate  a  current.  It  is  a 
curious  fact  that  these  chemical  compounds  do  not  reform 
again  in  the  cell  until  the  circuit  is  closed  and  the  electric 
current  produced  thereby  flows.  Yet  this  is  the  case  with 
every  battery  cell  to  a  certain  extent,  and  particularly  so 
with  those,  such  as  the  Leclanchg  t-ype,  which  are  called 
"  open-circujt  "  cells.  Storage  batteries  are  much  used  for 
mnning  electric  launches  and  automobiles,  and  to  supple- 
ment a  dynamo,  from  which  they  may  store  energy  to  be 
expended  at  intervals  when  the  dynamo  is  insuflBcient  or 
at  rest. 

Electrolysis  of  Water. — This  is  conveniently  carried  out 
in  the  Hoffmann  apparatus,  shown  In  Fig.  154,  or  some 
other  simple  form  like  that  represented  in  Fig,  155.  The 
water  has  a  little  solphnric  acid  added  to  it,  in  order  to 
make  it  a  conductor  of  electricity.  The  current  from  a 
battery  of  several  cells  ia  allowed  to  pass  through  the  appa- 
ratus until  enough  gas  has  been  collected  in  each  tube  to 
he  examined  satisfactorily.  Twice  as  much  gas  collects  at 
the  negative  electrode  (the  kathode)  as  at  the  positive  elec- 
trode (the  anode).  The  first-mentioned  gas  is  found  to 
bum  with  a  pale-blue  Same  ;  it  is  hydrogen.  The  gas  at 
the  anode,  when  tested  by  a  glowing  splinter,  is  shown  to 
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be  oxygen.     The  decomposition  is  expressed  by  the  chem- 
ical reaction 

H,0=H,+  0. 
Electrolysis  of  Sails. — The  current  may  be  used  to  de- 
compose water  solutions  of  any  of  the  salts  of  the  more 
electro-negative  metals,  such  as  copper,  nickel,  silver,  and 
gold.     This    is    the   basis 
of  our  electroplating  and 
electrotyping.     The  object 
to  be  plated  is  made  the 
,       kathode,  the  anode  being 
either  a  plate  of  the  metal, 
in  which  case  the  solution 
or   "  bath "   keeps  a    con- 
stant strength,  or    else  a 
strip     of    platinum    (Fig. 
156).    The  cyanides  of  gold 
and    silver    are    generally 
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employed,  and  a  double  sulphate  of  nickel  and  i 
Copper  succeeds  best  from  a  slightly  acid  solution  of  the 
sulphate.  In  electrotyping,  an  impression  of  the  type  or 
cut  is  first  made  in  wax  or  gutta-percha,  and  this  is  then 
rubbed  over  with  graphite,  in  order  to  make  it  a  coadactor. 

Dctzscii/Googic 


ELECTRIC  CURRENTS  251 

The  mold  ia  then  Buspended  in  a  bath  of  copper  sulphate 
as  a  kathode,  the  anode  being  a  copper  plate.  In  this  way 
a  very  thin  film   or  skin  of  copper  is  obtained,  which  ia 
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afterward  backed  witli  type  metal  and  mounted  on  a 
wooden  block,  so  as  to  make  its  face  height  equal  to  that 
of  ordinary  type. 

Moat  of  the  copper  ore  of  the  world  ia  bought  and  sold 
on  the  baaia  of  the  "  electrolytic  assay."  About  a  gram  of 
ore  ia  digested  with  acid.  The  insoluble  "  gang  "  is  filtered 
oS.  The  diasolved  copper  is  placed  in  a  weighed  platinum 
dish,  which  is  then  made  the  kathode,  a  little  spiral  of 
platinam  dipping  into  the  solution  being  the  anode.  The 
current  is  allowed  to  pass  overnight.  In  the  morning  all 
the  copper  is  found  deposited  on  the  platinum  dish,  and, 
after  drying,  may  be  directly  weighed. 

363.  Magnetic  Effeota.^If  the  copper  wire  which  con- 
nects the  carbon  and  zinc  terminals  of  a  cell  is  made  into 
a  coil  as  shown  in  Fig.  157 — which  coil  is  called  a  helix — 
.  the  electric  current  will  develop  a  magnetic  field.  The 
region  around  this  helix  behaves  exactly  aa  that  around 
all  magnets. 

We  regard  a  magnetic  field  as  an  ether  vortex,  and  to 
produce  this  we  cause  the  electric  or  ether  current  to  move 
in  whirls.    The  successive  turns  of  the  wire  must  not  touch 

Coogic 


one  another,  for  if  they  did  the  current  would  take  the 
BhortcBt  path  from  the  carbon  to  the  zinc.  The  hest  way 
to  make  the  helix  ia  to  use  wire  which  has  a  thin  insulating 
covering.     No.   24  single,  cotton-covered   copper   wire  ib 


Fio.  157.— Helix.  fia.  158. 

best.  This  may  be  coiled  around  a  wire  nail,  making  a 
helix  about  an  inch  long,  with  the  wires,  say,  three  layers 
deep.  The  nail  may  then  be  withdrawn,  and  the  helix, 
when  an  electric  current  ^is  passing  aronud  it,  will  be  found 
to  be  the  center  of  a  rather  strong  magnetic  field.    The 


Fid.  ISW.— The  floating  hclii. 

end  of  this  helix,  around  which  the  current  is  passing  in 
the  direction  in  which  the  hands  of  a  watch  move,  will  be 
found  to  attract,  the  north  pole  of  a  compass  needle — that 
is,  it  is  a  south  pole,  and  the  other  end  of  the  helix  is  its 

D,tz..i!/Googlc 


fiLltoTElC  CUEEBiKTS  353 

north  pole  (see  Fig.  Ifi8).  Sach  a  helis  may  be  floated 
apoD  a  battery  solntion,  aod  will  itself  behave  ae  a  compaas 
needle  (see  Fig.  159).  If  the  wire  nail  is  inserted  in  this 
helix  it  will  be  strongly  magnetized  when  the  corrent 
passes,  and  the  field  will  be  found  to  be  much  more  strongly 


magnetic  than  before  the  iron  core  was  nsed.  A  helix  with 
an  iron  core  is  called  an  electro-magnet.  We  shall  meet 
with  it  many  times  in  future  sections.  II  the  iron  is  very 
soft,  it  will  lose  its  magnetism  as  soon  as  the  current  ceases 
to  flow.  If,  however,  it  is  steel  or  hardened  iron,  it  will 
retain  its  magnetism  after  it  is  removed  from  the  helix. 
In  this  way  we  may  make  permanent  magnets  of  steel 
(Fig.  160). 

We  are  now  prepared  to  state  what  we  believe  to  be  the 
connection  between  magnetism,  static  electricity,  and  elec- 
tric currents.  Magnetism  we  regard  as  an  ether  vortex, 
static  electricity  is  an  ether  stress,  and  an  electric  current  is 
ether  flowing  \n  a  stream.  The  ether  vortex  is  not  conflned 
to  the  magnet,  although  that  is  its  center;  the  vortex  ex- 
tends some  distance  around  the  magnet,  and  is  called  the 
magnetic  field.  Ether  stress  is  not  confined  to  an  elec- 
trified body,  although  that  ia  the  center  of  it.  By  bring- 
ing a  pith  ball  near  to  an  electrified  body,  we  discover 
that  the  ether  stress  extends  to  some  distance  around  the 
body. 

An  ether  current  is  not  confined  to  the  conducting 
wire,  although  that  is  the  center  of  the  stream.  We  shall 
learn  more  about  this  in  future  sections. 
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If  we  bring  a  magnetic  needle  near  to  a  straight  wire 
through  which  a  current  is  passing  (Fig.  161),  we  have  evi- 
dence that  the  field  aboat  the  wire  is  affected  by  the  elec- 


tric current.  The  needle  will  be  deflected  toward  a  direc- 
tion at  right  angles  to  the  wire.  The  accompanying 
diagrams  (Fig.  163)  show  the  direction  which  the  needle 
will  take,  and  at  the  same  time  suggest  the  explanation. 
Suppose  the  current  to  be  flowing  from  left  to  right,  as 
represented  by  the  large  straight  arrow  in  the  upper  dia- 
gram, and  the  needle  to  be  brought  over  it,  the  north  pole 
is  turned  toward  the  observer ;  if  under  it,  the  south  pole 
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is  turned  toward  the  observer.  This  permits  the  ether 
whirl  to  move  with  the  ether  flow.  It  the  current  flows 
from  right  to  left,  as  represented  by  the  large  straight  arrow 
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in  the  lover  diagram,  the  needle  will  be  deflected  oe  there 
represented. 

TJte  galvanometer,  for  which  we  shall  have  much  use  in 
future  sections,  is  presented  here  ae  an  illnstration  of 
magnetism  in  a  helix,  a  b  (Fig.  163)  is  a  coil  of  wire  about 
six  inches  in  diameter.  Suspended  in  the  center  of  this 
coil  or  helix  is  a  small  magnetic  needle.  If  the  electric 
current  is  sent  around  the  coil  in  the  direction  of  the 
arrow,  a  magnetic  field  will  be  created,  the  south  pole  of 
which  is  on  the  side  of  the  helix  toward  the  observer,  and 
the  magnetic  needle  will  be  deflected  so  that  its  north  pole 
will  point  toward  the  observer. 

The  telegraph-sounder  is  a  simple  device  for  making  use 
of  the  m^netic  effect  of  the  current.  The  diagram  (Fig. 
164)  will  make  plain  the  principle  of  telegraphing. 

— »  Line         


Earth  Coiaiectimt  Earth  Omnwlam 

Fig.  1M.— The  telegraph. 

Suppose  the  electric  current  to  flow  from  the  battery 
through  the  apparatus  at  station  X,and  through  the  line  wire 
connecting  this  with  station  Y,  and  through  the  apparatus 
at  Y  and  back  from  o'  to  n  through  the  earth.  The  electro- 
magnets c  and  c'  will  attract  and  hojd  down  the  springs  e 
and  e'.  If,  now,  an  operator  at  either  station  wishes  to 
signal  to  one  at  the  other  station,  he  may  separate  the 
wires  at  h  or  h\  when  the  magnets  will  cease  to  attract  and 
the  springs  e  and  e'  will  fly  up  and  click  against  the  stops 
at  d  and  d'.    When  the  operator  brings  together  again  the 
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wiroB  at  6  or  A',  the  magnets  will  again  pull  down  the 
springs  e  and  e'  upon  themselves  with  a  click.  These  clicks 
are  made  to  represent  letters,  and  thus  the  operators  spell 
out  words.  The  earth  connections  are  made  by  gas  or  water 
pipes,  or  b;  metal  plates  buried  in  moist  earth.  The  ex- 
pense of  a  second  wire  is  thus  spared  and  also  its  resist- 
ance, since  the  earth  offers  practically  no  resistance.  In 
consequence,  the  required  battery  power  is  reduced  just 
one  half.  In  reality,  the  earth  does  not  act  as  a  return 
wire  in  completing  the  circuit,  but  simply  serves  to  keep 
the  earth  terminals  at  the  same  potential.  Wheu  this  is 
the  case,  the  effect  on  the  circuit  is  the  same  as  if  the  earth 
terminals  were  in  direct  contact  with  each  otlier. 

The  telegraph  wires  are  usually  strung  through  the  air 
on  poles,  and  must  be  supported  on  glass  or  porcelain  insu- 
lators. In  very  large  cities,  however,  there  are  ordinances 
against  overhead  wires,  and  the  city  circuits  must  conse- 
quently be  underground. 

In  this  case  the  wires  are  insulated,  usually  with  gutta- 
percha, and  are  laid  in  pipes,  opening  at  regular  intervals 
into  more  sizable  manholes.     The  air  lines  were  formerly 
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Pio.  16S.— Slngle-atroke  bell. 


Fio.  lea.— Clatter  bell. 


made  of  galvanized  iron  wire,  but  modem  installations, 
both  in  Europe  and  America,  are  increasingly  making  use 
of  copper  wire,  on  account  of  its  greater  conductivity. 

The  electric  bell  is  a  further  application  of  the  eleotro- 
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iDftgnet.  In  Fig.  165,  suppose  we  cloBff"TIre"  elfcuit  by 
bringing  the  wires  together  at  6.  This  may  be  what  is 
called  a  push  button  or  a  switch.  The  current  wilt  cause 
the  electromagnet  to  attract  the  Bpring  e,  which  is  fre- 
quently called  an  armature.  As  it  descends  it  will  strike 
'  the  bell  d.  ,  This  arrangement  is  called  the  "  aingle^troke  " 
bell.  The  "  clatter  bell "  is  arranged  as  shown  in  Fig.  166. 
When  *  is  closed  the  spring 
e  is  drawn  down  by  the  mag- 
net, but  the  moment  it  leaves 
the  atop  at  /  the  current 
ceases  to  flow,  the  magnet 
ceaees  to  act,  and  the  spring  e 
flies  upward  against  the  atop 
/,  only  to  be  pulled  away  again. 
Thus  it  vibrates  rapidly,  and 
causes  the  bell  d  to  clatter. 

The  electric  motor  is  another  application  of  the  electro- 
magnet.   Fig.  167  shows  how  this  electric  current  might 
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FiQ.  187.— Electric  mnUir. 


Fio.  168.— Elpctric  motor. 


be  used  to  make  a  wlieel  go  around.     This  device  is  used 
for  many  purposes,  and  might  be  called  a  motor;  but  Fig. 
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168  will  explain  in  &  very  general  way  the  principle  QBually 
employed  in  electric  motors.  Suppose  an  electric  current 
paBses  around  the  magnet  a,  so  as  to  make  its  right-hand 
end  a  north  pole.  Suppose,  then,  the  current  is  led  by  the 
spring  to  the  aemicircular  plate  of  metal  e,  borne  upon  a 
wooden  disk,  where  it  divides,  half  of  it  going  about  the 
coil  c,  BO  as  to  make  it  an  electro-magnet  with  its  upper 
end  a  north  pole,  and  the  other  half  of  the  current  going 
about  the  coil  d,  so  as  to  make  its  lower  end  a  south  pole. 
The  current  then  returns  to  the  semicircular  metal  plate/, 
and  from  that  by  the  spring  h  to  the  coil  b,  the  left-hand 
end  of  which  it  makes  a  south  pole.  It  is  manifest  that  c 
will  be  repelled  from  a  and  attracted  toward  b,  and  that  d 
will  be  repelled  from  b  and  attracted  toward  a.  As  c  passes 
by  b  the  springs  A  and  g  will  change  to  the  oppraite  metal 
plates  e  and  /.  This  will  reverse  the  current  in  c  and  d, 
so  that  while  the  farther  end  of  c  is  passing  through  the 


lower  half  of  its  circular  path  it  will  be  a  south  pole,  and 
while  the  farther  end  of  d  is  passing  through  the  upper 
half  of  its  circular  path  it  will  be  a  north  pole.     In  other 
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words,  tlie  pole  which  is  above  will  alwaya  be  s  north  pole, 
and  that  below  will  always  he  a  south  pole. 

The  arrangement  by  which  the  current  is  reversed  at  e 
and/ is  called  the  commutator.  These  rotating  magnets 
being  fixed  to  an  axie  may  cause  other  wheels  to  revolve, 
and  thns  set  in  motion  a  variety  of  machinery.  The  ac- 
companying figure  (169)  is  more  nearly  the  form  of  motors 
in  ose.    It  wUl  appear  again  under  the  head  of  Dynamos. 

III.  Electrical  Measl'behehts 
S53.  TliB  Problem  of  Msanirement  is  easy  only  when  one 
has  very  definite  ideas  about  what  is  to  be  measured.  In 
the  case  of  the  electric  current  there  are  several  measur- 
able aspects.  We  must  begin  with  a  very  definite  idea  of 
these  several  aspects  themselves. 

The  thing  we  want  to  measure  is  manifestly  motion,  hut 
the  difficulty  is  that  it  is  associated  with  something  so  alto- 
gether intangible  and  beyond  our  experience,  that  we  are 
not  able  to  call  it  matter,  much  less  lay  hold  of  it  and 
determine  its  amount.  Yet  the  best  we  can  do  is  to  con- 
sider the  current  as  electricity  in  motion,  and  we  must  get 
some  quantitative  hol3  on  it  in  order  to  study  it  at  all 
Bcientifically.    We  must  answer  the  question, "  How  much  ?" 

The  first  thing  that  strikes  us  about  electric  motion  is  , 
that  it  is  quite  independent  of  direction — goes  up  or  down, 
right  or  left,  north  or  south,  wherever  the  conductor  leads 
it,  and  apparently  with  equal  facility.  Matter  does  not 
behave  in  this  free  way,  because  it  has  weight.  We  can 
not  ascribe  weight,  therefore,  to  electricity.  Yet  the  two 
are  alike  in  one  respect.  Matter  falls  to  the  earth,  because, 
for  it,  that  is  the  line  of  least  resistance,  and  it  is  being 
urged  on  by  gravitation.  However  little  we  know  about 
electricity,  we  must  believe  that  these  same  general  prin- 
ciples hold,  that  electricity  follows  its  own  line  of  least 
resistance,  and  is  urged  on  by  some  force  quite  as  irresistr 
ible  as  gravitation. 
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So  mnch  happens  to  the  neighborhood  of  an  electric 
conductor,  that  to  are  coming  to  beliere  that  the  real  cnr- 
rent  is  outside  the  conductor,  and  that  the  conductor  sim. 
ply  determineB  the  direction  of  the  onirent,  pierces  the 
ether  in  some  way,  and  opens  np  a  line  of  leaat  resistance 
for  the  current  to  follow.  In  the  same  way  we  account  for 
the  force  driving  the  electricity  by  assuming  different  elec- 
trical levels,  or  potential,  and  ascribing  the  driving  force  to 
difference  of  potential,  or  E.  M.  F.  This  clearly  is  one 
measurable  aspect  of  electricity,  and  corresponds  very  closely 
to  difference  of  level  in  the  action  of  gravitation — as,  for 
example,  water  pressure.  A  second  measurable  aspect  is 
tbe  resistance  to  the  flow  of  the  corrent.  This  may  be 
compared  to  conBtrictions  in  the  water  pipe.  The  motor 
man  when  he  turns  on  more  or  less  current  in  his  car  does 
it  by  putting  into  the  circuit  less  or  more  resistance,  just 
as  one  may  do  in  the  case  of  the  flow  of  water  from  a  pipe 
opening  more  or  less  the  stopcock  at  the  faucet.  A  third 
measurable  aspect  of  the  electric  current  is  the  quantity 
that  will  flow  through  a  conductor  in  a  given  time.  This 
we  measure  by  the  work  which  it  will  perform. 

S54.  Ohm's  Law. — There  are  two  ways  of  affecting  the 
quantity  of  water  that  may  flow  from  a  water  pipe :  one  is 
to  change  the  water  pressure,  the  other  is  to  change  the 
size  of  opening  in  the  fancet.  Just  bo  with  the  measure- 
meut  of  electric  currents.  Make  the  pressure  or  potential 
twice  as  great,  and  we  make  twice  as  much  current  flow ; 
make  the  resistance  twice  as  great,  and  we  reduce  the  flow 
of  current  one  half.  Three  times  as  much  potential,  three 
times  as  much  current ;  three  times  as  much  resistance,  one 
third  as  much  current,  etc.  This  is  known  as  Ohm's  Law, 
which  may  be  stated  as  follows :  The  current  varies  directly 
as  the  potential  and  inversely  as  the  resistance.  If  we 
represent  current  by  C,  potential  or  electro-motive  force  by 
^.  and  resistance  by  1?,  the  formula  which  states  this  law 
in  briff  form  is,  f'=  ~. 
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As  WM  stated  in  section  ii^,  the  unit  for  electro-motive 

force  is  called  a  volt.    (Named  Ln  honor  of  Alessandro  Volta, 

1745-1873,  bom  at  Como,  Italy.)     It  is  very  nearly  the 

unonnt  of  pressare  which  is  exerted  by  a  Daniell  cell  (246). 

The  nnit  of  resistance  is  called  the  ohm.    (K^amed  in  honor 

of  Qeorg  Simon  Ohm,  1781-1864,  bom  at  Erlangen,  a  town 

of  Bavaria.)     It  is  about  the  resistance  offered  by  39  feet 

of  No.  84  copper  wire.     The  unit  of  current  is  called  an 

ampdre.     (Named  in  honor  of  Andr6  Marie  Ampere,  1775- 

1836,  bom  at  Lyons,  France.)     It  is  about  that  current 

which  a  Daniell  cell  >riU  send  through  39  feet  of  No.  24 

copper  wire.    That  is,  it  is  the  rate  of  flow  which  one  volt 

can  push  throngh  one  ohm  of  resbtance.     (These  units 

appear  in  the  formola  of  Ohm's  law  thus :   Amperes  of 

,       Volts  of  potential  ,      ,,    .  n     ,      -. 

current  =  ^.rr >- ■  .  . .)     It  is   measurable  by  its 

Ohms  01  resistance  '  '' 

chemical  effects,  magnetic  eSects,  or  heating  effects.  Let 
us  take,  for  example,  the  chemical  work  which  it  may  per- 
form. Any  cnrrent  which  will  decompose  water  and  liber- 
ate 0.036  grams  of  hydrogen  in  an  hour  is  a  one-ampere 
current.  The  ampdre  will  deposit  1.18  grams  of  copper 
from  copper-sulphate  solution  in  an  hour.  If  the  solution 
offers  ten  ohms  of  resistance,  it  will  require  an  electro- 
motive force  of  ten  volts  to  maintain  a  one-ampere  current. 
If  the  electro-motive  force  ia  five  volts,  while  the  resistance 
is  ten  ohms,  only  a  one-half-ampdre  current  will  flow,  and  it 
will  require  two  hours  for  it  to  deposit  1.18  grams  of  the 
copper.  If  we  have  a  ten-volt  current  and  the  resistance  is 
five  ohms,  it  will  furnish  a  two-amp6re  current,  and  this 
will  deposit  1.18  grams  of  copper  in  half  an  hour. 

Or  we  may  take  the  heating  effects  as  a  measure  of  the 
current.  If  an  incandescent  electric  lamp  offers  a  resist- 
ance of  230  ohms,  a  potential  of  110  volts  will  send  through 

.1.  .        .  ,     « -  >  110  volts 

It  one  half  an  ampere  of  current ;  0.5  ampere  =  sgn  nhniB' 

Suppose  this  heats  the  filament  sufBciently  to  make  it  give 
18 
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a  light  equal  to  that  of  Bixteen  candles — this  we  call  a  six- 
teen-candle-power  lamp.  A  thirty-two-candle-powet  lamp 
will  require  twice  the  amount  of  current,  or  ooe  ampere, 
and  we  may  produce  it  in  one  of  two  ways :   First,  we  may 

1     L.    i.1.        w         ,  J         SaOvoltB  , 

double  the  Toltage,  1  ampere  =  iian—y. —  •  or  we  may  reduce 

the  resistance  one  half,  1  ampere  =  r-.-     -l    -■     But  in  any 

case  the  heat  and  hght  will  be  proportional  to  the  amount 
of  current  which  passes. 

255.  The  Tangsnt  Qalnnometer. — It  is  our  custom,  how- 
ever, to  measure  the  current  by  itB  magnetic  eSects.  It 
will  be  remembered  that  the  galvanome- 
ter. Fig.  170,  creates  a  magnetic  field  when 
the  electric  current  passes  around  it  (page 
355).  We  have  a  very  simple  means  of 
measuring  the  amount  of  magnetic  force 
developed  in  this  field,  and  the  magnetic  . 
force  is  a  measure  of  the  amount  of  elec- 
^%?TMk^te?"*  *"*'  current  which  passes  through  the  coil 
of  the  galvanometer;  the  needle  is  de- 
flected by  the  magnetic  force  of  this  helix  through  a  cer- 
tain angle,  and  it  is  found  that  the  tangent  *  of  this  angle 

*  In  Fig.  171,  let  ae  be  a  tangent  to  the  circle; 
ab  is  c«lled  the  tangent  of  the  angle  aob,  ae, 

ad,  ant]  ae  are  respectively  tbe  tangents  of  the 
angles ;  aoe.  aod,  and  aoe.  The  length  of  these 
tangents  ia  given  in  terms  of  the  radius  of  the 
circle,    in  the  figure  ab  is  equal  to  the  radius; 

ae,  ad,  and  ae  are  respectivelv  two,  three,  and 
four  times  as  great  as  the  radius.  B<r  referring 
to  the  table  of  tangents,  page  263.  we  may  see 
that  if  the  tangent  of  ao 6  is  1,  the  angle  must 
be  45°;  the  tangent  ot  aoe  being  two,  the  angle 
must  be  about  64°;  likewise  the  angle  aod  must 
be  about  72°,  and  aoe  about  76°.  The  Uw  is  that 
if  a  certain  amount  o(  current  will  deHect  the 
needle  from  o  a  to  the  direction  of  o  b,  it  will  re- 
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TarieB  as  the  carreDt.  For  example,  suppose  we  introduce 
iDto  a  battery  circuit  a  galvanometer  and  a  cell  contain- 
ing copper-anlphate  solution  {Fig.  172);  snppose  also  we 
find  that  copper  is  being  deposited  at  tbe  rate  of  1.18 
grams  per  hour,  and  that  the  needle  of  the  galTanometer 
is  deflected  to  83°.  As  has  already  been  said,  the  amount 
of  current  which  will  deposit  copper  at  that  rate  is  called  an 
ampere.  Now,  it  will  be  fonnd  that  every  time  an  ampere 
of  current  is  passed  through  this  particular  galvanometer 


qaire  twice  that  current  to  deflect  it  to  the  direction  of  o  e,  ttnA  thre 
timea  that  current  to  deflect  it  to  the  direction  of  o  d,  and  four  time 
that  ourrent  to  deflect  it  to  the  direction  of  o  e. 
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its  needle  vill  be  deflected  to  83".  The  tangent  of  83°  ia 
8.14  (see  table,  page  263).  If  now  we  aend  through  this 
circuit  Buch  a  current  ae  will  deposit  copper  at  one  half 
the  above  rate,  we  shall  find  that  the  needle  of  the  galva- 

C^iper  sulphate— 


nometer  is  deflected  not  to  41.5°,  which  would  be  half  the 
angle,  but  to  76°,  whose  tangent  is  about  half  that  of  83°. 
A  current  which  would  deposit  one  quarter  as  much  cop- 
per would  deflect  the  needle  to  64°,  whose  tangent  is  one 
quarter  that  of  83°,  etc.  Thua  a  galvanometer  which  has 
been  tested  for  some  one  known  quantity  of  current  may 
be  very  readily  used,  by  aid  of  the  table  of  tangents,  to 
determine  any  amount  of  current  which,  passes  through  it. 

A  galvanometer  used  for  meaauring  the  quantity  of  cur- 
rent, or  the  amperes,  is  frequently  called  an  amvieter,  but 
galTanometere  may  also  be  arranged  for  measuring  the 
electro-motive  force,  in  which  case  they  are  called  volt^ 
meters.  Since  it  follows  from  Ohm's  law  that  C  and  E 
depend  directly  upon  each  other,  whatever  measures  one 
practically  measures  the  other  also. 

Galvanometers  used  for  voltmeters  are  usually  con- 
atmcted  with  a  coil  of  very  large  resistance — that  is,  the 
wire  is  long  and  very  fine.  The  resistance  is  sometimes 
as  much  as  several  thousand  ohms.  The  amount  of  cur- 
rent flowing  through  such  an  instrument  is  proportional 
to  the  E.  M.  F.,  and  by  observing  the  deflections  produced 
by  known  currents,  we  may  either  standardize  the  galva- 
nometer by  marking  the  voltage  directly  on  the  graduated 
circle,  or  by  preparing  a  reference  table.  Ae  strong  cnr- 
rents  would  destroy  such  a  fine  coil,  only  tiny  currents  me 
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ever  sent  through  it.  This  is  managed  by  proriding  two 
paths  for  the  current  (Fig.  173) :  one  of  low  resistance,  R, 
which  will  carry  the  major 
part,  and  the  other  of  high 
reslBtance,  r — that  is,  the  gal- 
Tanometer  —  to  carry  a  very 

minor  part.    But  since  R  and    

r  are   constant,   the   current  Fia  its. 

through     the    galyanometer, 

though   Tory  small,  will  always  bear  a  direct  relation  to 
the  whole  current,  and  serve  to  measure  it. 

It  is  manifest  that  if  we  know  any  two  of  the  quantities 

in  the  formnla,  C=  -p,  we  may  calculate  the  third.     It  is 

manifest  also  that  we  must  know  the  resistance  through* 

oat  the  entire  circuit— that  is,  the  internal  resistance  of 

the  cell  as  well  as  the  external  resistance  of  the  wires  and 

galyanometer,  and  varions  pieces  of  apparatus  used.     We 

frequently  designate  the  internal  resistance  by  r  and  the 

external  resistance  by  R.     In  which  case,  of  course,  the 

B 

formula  becomes  C  = j;. 

r  +  R 

266.  Senitajioe  is  a  factor  coming  in  at  all  times  to  re- 
duce current  strength.  One  method  of  measuring  it  is  by 
means  of  the  Wheatstone  bridge.  This  depends  upon  the 
principle  that  no  current  will  flow  between  two  points  at  the 
same  potential,  and  that  in  any  given  uniform  condnctor, 
the  fall  of  potential  is  also  uniform.  Suppose  A  B,  Fig. 
174,  to  be  a  uniform  conductor.  In  the  first  place,  no  cur- 
rent will  flow  at  all  if  A  and  B  are  at  the  same  potential, 
and  a  galvsnometer  introduced  into  such  s  circuit  would 


show  no  deflection.     But  if  ^  is  at  higher  potential  than  B, 
the  fall  of  potential  in  passing  from  AtoB  will  be  uni- 
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form.  If  the  difference  is  three  toUs,  an;  point  C  mid- 
way between  A  and  B  will  differ  from  either  by  one  and  a 
half  volt. 

The  Wheatstone  bridge  ib  a  uniform  wire  stretched 
between  two  fixed  binding  posts,  and  over  a  graduated  scale 
which  is  provided  with  a  sliding  contact,  dividing  the  wire 
into  two  determined  portions.  The  action  can  best  be 
understood  by  means  of  a  diagram,  Fig.  176.  The  current 
coming  from  the  battery  E  divides  at  A  into  two  portions, 
one  taking  the  path  A  DB  and  the  other  the  path  ACB. 
If  a  galvanometer,  0,  is  introduced  between  V  and  D,  there 
will  be  no  deflection  if  there  is  no  current,  and  there  will 


Flo.  175.— Whofttotone  bridge. 


be  no  current  if  C  and  D  have  the  same  potential.  They 
will  have  the  same  potential  if  the  resistance  ot  AD  bears 
the  same  relation  to  that  ot  DB  as  the  reHistauce  of  A  C 
bears  to  that  of  CB,  or  when 

AD:DB=AC:CB. 
If  we  substitute  for  A  D  the  resistance  to  be  measured,  R, 
and  for  D  B  some  known  resistance,  JT,  we  shall  evidently 
be  able  to  find  some  position  for  C  such  that  no  current 
will  pass  through  the  galvanometer.  When  this  is  the  case, 
we  have 

R:W=AC:CB,oj  R  =  ~^XW. 

Resistance   Coils. — The  known  resistance  IT  is  usually 
supplied  by  means  of  a  standard  set  of  coils.     They  are 
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made  of  Qerman  ailver,  -with  their  ends  soldered  to  solid 
pieces  of  brass  on  the  top  of  the  box.  When  all  the  plugs 
are  in  place,  the  current  paases  through  the  solid  brass,  and 
meets  comparatively  no  resist- 
ance. When  a  plug  is  re- 
moved, the  current  must  pass 
through  the  wire  beneath,  and 


80  meet  the  corresponding  resistance  (Figs.  176, 177,  and 
178).     A  very  common  way  to  measure   resistance  is   to 
place  the  battery,  galvanometer,  and  object  whose  resistance 
is  to  be  found  in  circuit.    Kote  the  deflection  of  the  gal- 
Tanometer  needle,  then  put  the  standard  resistance  coils  in 
the  place  of  the  object  whose  resistance  is  to  be  determined, 
and  throw  into  circuit  enough  resistance  to  bring  the  gal- 
vanometer needle  to  the 
same    point    as    before. 
The     resistance,    which 
may  now  be  read  from 
the  standard  coils,  is  the 
resistance     which      was 
sought. 

Resistance  increases 
with  the  length  of  the 
conductor,  and  in  the 
case  of  wires  is  greater  p,g  ^^g 

the  smaller  the  wire.    Sil- 
ver, copper,  and  brass,  being  good  conductors,  offer  the 
least  resistance.    In  general  the  resistance  increases  with 


the  temperature  in  the  case  of  metals,  but  dflcreaaes  in  the 
case  of  carbon. 

The  following  list  shows  the  resistance  of  certain  metals 
compared  with  copper,  the  length,  thickness,  and  temper- 
stvire  being  the  same  for  all : 

6«S 


Copper 

AlnmiotQm 

1« 

246 

Iron 

Tin 

Flatinum 

630 

Lead 

257.  Amngcment  of  Battery  Cells.— If  a  batter;  consist 
of  n  cells,  and  we  connect  them  in  series  (247),  we  shall 
have 

because  the  potential  differences  j 
internal  reaistancea  r  are  propor- 
tional to  the  number  of  cells. 


Fioa.  ITS  and  ISO.— AnHDgement  in  series. 
The  same  battery  joined  in  parallel  (247)  would  give : 


^+i! 


(2) 


since  we  really  form  one  giant  cell,  whose  E.  M.  F.  is  the 
same  as  a  single  Gell,but  whose  internal  resistance  is  reduced 
in  proportion. 

D.nt.zedbyG00g[c 
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We  reduce  this  last  formula  to  the  expression 

C=-^  (3) 

To  give  this  fraction  the  greatest  possible  value,  and 
therefore  make  Ca  maximum  current,  we  may  either  in- 
crease the  numerator  or  diminish  the  denominator.    Gom- 


FlOB.  181  and  183.— Amngsmeat  in  parallel. 


paring  (1)  and  (3)  we  a^e  that  thej  have  the  same  numer- 
ator, n  E.  The  whole  question  turns  then  upon  the  value 
of  the  denominators.  One  is  nr-{-  B,  and  the  other 
r  +  nR.  If  r  is  less  than  R,  we  can  better  afford  to  mul- 
tiply r  by  n,  and  so  we  choose  the  first  arrangement  in 
serieB.  But  if  r  is  greater  than  R,  we  can  better  multiply 
B,  and  we  choose  the  arrangement  in  parallel, 

358.  Divided  Cironitt. — It  often  happens  that  a  conductor 
divides  and  offers  two  paths  to  the  current.  This  happens, 
indeed,  every  time  a  battery  is  joined  in  parallel.  The  con- 
ductor divides  into  as  many  separate  paths  as  there  are 
cells.  In  all  such  cases  the  current  also  divides  and  trav- 
erses all  the  paths  offered.  If  they  have  equal  resistance, 
each  path  gets  the  same  amount  of  cnrrent,  but  if  they 
have  unequal  resistance,  each  path  gets  an  amount  inversely 
proportional  to  its  reBistance. 

The  inverse  of  resistance,  — ,  is  conductance.    The  total 

r 

conductance  of  the  system  must  evidently  be  the  sum  of 
the  separate  conductances, 
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The  circuit  branching  ofF  from  a  main  circnit  is  called 
a  shuTii. 

If  8  coirent  divides  into  tvo  or  more  paths,  it  ma;  be 
shown  that  the  aum  of  the  separate  cmrents  eqnals  the 
main  cturent.    If,  for  example,  in  Fig.  183,  the  current  0 


CUSOf 

FlQ.  188.— Divided  (^lenit 

is  divided  into  two  currents,  c'  and  c*,  and  copper-aulphate 
cells  be  introduced  into  the  main  circuit  and  into  each  of 
the  branches,  the  weight  of  copper  deposited  by  0  will  just 
equal  the  sam  of  the  weight  deposited  hy  c,  and  Cf  The 
same  result  would  hare  been  shown  by  galvanometers,  or 
any  other  form  of  ammeter  or  voltmeter. 

IV.  IHTDUCTIOW 

259.  Xethods  of  Indnotlon. — Induction  is  applied  in  elec- 
tricity, as  well  as  in  magnetism,  to  cover  all  action  at  a 
distance.  But  this  means,  in  reality,  all  action  confined  to 
the  surrounding  medium,  to  the  ether.  Induction  were 
better  defined,  therefore,  as  action  between  bodies  without 
contact,  and  solely  through  the  mechanism  of  the  ether. 
Defined  in  this  broad  way,  induction  covers  all  ether  stress 
— magnetic,  electric,  or  gravitational. 

One  can  not  move  through  an  ordinary  apartment  with- 
out more  or  less  disturbing  every  particle  of  air  in  the 
apartment.  The  more  rapid  the  movement,  the  greater 
the  disturbance.     A  circuit  of  copper  wire  is  equally  sensi- 
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tive  to  changea  in  the  snrroonding  "field."  No  matter 
how  brought  about,  the  conductor  respondB  to  every  change,  . 
and  the  induced  current,  like  the  air  diaturbed,  is  propor- 
tional to  the  rapidity  of  the  change. 

These  changes  in  the  electric  field  may  be  brought 
about  by  the  motion  of  a  magnet ;  by  a  field  of  varying 
strength ;  by  the  movement  of  a  conductor  through  ivhich 
a  variable  current  is  flowing ;  by  the  motion  of  the  con- 
ductor itself  in  which  the  current  is  to  be  induced ;  or, 
finally,  by  any  combination  of  these  five  variables.  They 
can  beat  be  studied  experimentally. 

260.  Induotion  by  a  IKagJist. — If  we  take  a  coil  of  wire 
wrapped  on  a  hollow  spool,  and  connect  the  ends  of  the 
coil  with  a  sensitive  galvanometer,  no  current  flows  so  long 
as  the  surrounding  field  remains  the  same.     If,  however,  a 


Pio.  1S4. — Current  indaced  by  magnet. 

bar  magnet  be  thrust  into  the  center  of  the  coil,  the  galva- 
nometer will  show  an  immediate  defiection.  The  magnet 
has  no  power  except  when  in  motion,  for  if  allowed  to 
,  remain  quietly  inside  the  coil  the  galvanometer  needle  comes 
to  rest  again  and  indicates  no  current.     When  the  magnet 
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is  withdrawn,  the  needle  swings  in  the  opposite  direction, 
showing  a  second  induced  current.  We  find  that  the  more 
rapid  the  motion  of  the  magnet,  the  greater  the  deflection 
of  the  needle. 

Instead  of  moving  the  magnet  bodily,  we  may  alter  its 
intensity,  and  so  produce  the  same  series  of  induced  cur- 
rents. This  is  conveniently  done  by  introducing  an  eleo- 
tro-magnet  into  the  center  of  the  coil.  On  making  or 
breaking  the  current  we  get  induced  currents  in  opposite 
directions,  surging  through  the  coil  and  galvanometer ;  but 
BO  long  as  a  uniform  current  circulates  through  the  electro- 
magnet, the  field  remains  constant  and  no  induced  current 
passes  through  the  {galvanometer. 

We  might  combine  these  conditions  and  have  a  movable 
magnet  of  variable  strength.  Or  we  might  make  the  con- 
ductor itself  approach  or  recede  from  a  fixed  magnet, 
either  constant  or  variable,  and  so  induce  a  current  in  the 
conductor. 

Whatever  coinhination  we  use,  the  induced  current  de- 
pends upon  the  amount  and  rate  of  change  in  the  magnetic 
field.  Practically  the  current  depends  upon  the  number  of 
lines  of  magnetic  force  cut  in  one  second.  Senoe  the  mag- 
net may  move  or  the  conductor  may  move,  or  both  may  move ; 
or  both  may  remain  fixed  bodily,  and  the  lines  themselves 
may  move.  The  relative  motion  is  the  essential  thing,  and 
the  greater  the  motion  the  stronger  the  induced  current. 

361.  Indnotion  by  Varying  Gnrrenta. — Since  all  currents 
are  surrounded  by  magnetic  whirls,  we  may  substitnte  a 
current  for  the  magnet  in  any  ot  all  of  the  above  experi- 
ments. 

Removing  the  iron  core  from  the  electro-magnet,  the 
corresponding  coil — which  for  convenience  may  be  distin- 
gniehed  as  the  primary  coil — may  be  thrust  into  the  sec- 
ondary coil  and  withdrawn,  producing  induced  currents  in 
opposite  directions,  just  as  in  the  case  of  the  magnet  {Fig. . 
185).    If  the  primary  coil  remains  within  the  secondary 
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coil,  and  the  primary  current  be  made  and  broken,  we  Bball 
have  correaponding  induced  carrente  in  the  secondary  coil. 
Similarly,  if  the  primary  coil  remain  fized  and  the  current 
constant,  indnced  currentB  may  be  produced  by  the  motion 


Fm.  1S5. — Carrenta  induced  by  varying 

of  the  secondary  coil.  Furthermore,  the  parallelism  be- 
tween induction  by  currents  and  induction  by  magnets  is 
completed  by  the  fact  that  here  again  the  strength  of  the 
induced  current  depends  upon  the  amount  and  rate  of 
change  in  the  primary  field. 

262.  Direction  of  Lidaoed  Cnrrenti. — The  currents  in  the 
secondary  coil  vary  in  direction  according  to  the  conditions 
under  which  they  are  produced.  We  distinguish  them  as 
direct  and  inverse  currents.  Those  are  direct  which  so 
flow  that  they  would  give  to  the  magnet,  were  it  a  core  of 
soft  iron,  a  magnetism  of  the  same  polarity  that  it  now 
poseesses.  Those  currents  are  inverBe  which  flow  in  an 
opposite  direction.  When  the  field  is  increasing  in  strength, 
the  induced  currents  are  all  inverse.  When  the  field  is 
diminishing,  the  induced  currents  are  direct. 

263.  Strengtii  of  Induced  Cnrrents. — Just  as  the  direc- 
tion of  the  indnced  current  depends  upon  the  conditions 
under  which  they  have  been  generated,  so,  then,  strength 
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depends  npon  the  conditionB.  In  a  circuit  of  given  resist- 
aace,  the  strength  of  the  induced  current  depends  solely 
\  on  the  electro-motive  force,  and  this  in  turn  depends  solely  ) 
ttpOD  the  number  of  linoB  of  magnetic  force  cut  in  one  sec- 
ond. The  voltage  of  an  induced  current  is  therefore  in- 
creased (1)  hy  increasing  the  magnetic  field — that  is,  the 
number  of  lines ;  (3)  by  increasing  the  rate  at  which  these 
lines  are  cut — that  is,  the  speed ;  and  (3)  by  increasing 
the  length  of  the  conductor — ^thst  is,  the  number  of  turns 
of  wire. 

264.  The  bidootioo  Coil  is  a  simple  and  effective  device  ^^ 
for  producing  induced  currents  of  very  high  electro-motive 
force,  by  increasing  the  number  of  turns  of  vrire  in  the  sec- 
ondary circuit.  It  consists  of  a  central  primary  coil  of 
short  thick  wire  with  a  soft  iron  sore,  surrounded  by  a 
secondary  coil  of  long,  fine  wire  {Fig.  186).     The  primary 


Fig.  ISfl.— IndDctian  coil, 

circuit  contains  a  current-interrupter,  for  rapidly  mak- 
ing  and  breaking  the  current,  and  so  inducing  a  rapid 
succession  of  inverse  and  direct  currents.  It  acts  upon 
the  same  principle  as  the  interrupter  used  with  the  elec- 
tric bell.  (See  Fig.  166,/.)  The  coil  is  generally  mounted 
on  a  hollow  wooden  base,  which  contains  a  condenser 
made  of  alternate  layers  of  tin  foil  and  paper  saturated 
with  paraffin,  and   connected  with   the   primary   circuit. 
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The  action  of  the  condenser  is  to  dispose  of  the  cnrrenta 
which  are  self-indaced  in  the  primary  coil  on  hreaking  the 
current  (see  next  paragraph),  and  bo  avoid  the  spark  at  the 
intermpter.  The  object  of  having  the  primary  coil  made 
of  stout,  short  wire  is  to  rednce  resistance  and  so  increfise 
the  quantity  of  the  primary  current.  The  secondary  coil 
is  made  tremendously  long.  In  the  case  of  Mr.  Spottis- 
woode's  famons  coil,  it  is  S80  miles  long,  and  gave  a  spark 
iZ  cm.  long.  The  very  large  voltage  of  the  induced  cur- 
rent enables  it  to  overcome  the  great  resistance  of  the  air, 
and  BO  give  us  these  flashes  of  miniatnre  lightning. 

When  provided  with  a  condenser  the  induction  coil  is 
known  as  Rnhmkorff'B  coiL 

266.  Spark  Coil  and  Eleettio  Oaa  Lighting.— When  a 
current  pasBes  through  a  single  coil  of  wire  we  have  mani- 
festly a  series  of  parallel  circuits  made  by  the  successive 
tarns  of  the  wire,  and  all  the  phenomena  of  induced  currents 
take  place  in  and  about  the  single  wire  whenever  the  cnr^ 
rent  itself  is  made  or  broken.  On  making  the  current,  the 
induced  current  is  inverse,  and  consequently  the  only  effect 
is  to  retard  the  establishment  of  maximum  current  in  the 
circuit.  But,  on  breaking  the  current,  the  induced  current 
is  direct  and  has  the  effect  of  prolonging  the  flow.  While 
this  "extra  current,"  as  it  is  called,  is  most  noticeable  in 
the  caee  of  circuits  containing  coils,  it  is  a  self-induction, 
which  shows  itself  in  all  circuits,  and  produces  the  spark 
whenever  the  cnrrent  is  broken.  This  principle^provided 
against  by  the  condenser  in  the  Ruhmkorff  coil — is  made 
serviceable  in  the  spark  coil,  used  in  electric  gas  lighting. 
The  core  is  made  of  a  bundle  of  iron  wires,  and  the  coil,  in 
this  case  single,  consists  of  many  turns  of  moderately  thick 
wire.  The  introduction  of  such  a  coil  into  a  circuit  provides 
a  good  strong  spark,  which  conveniently  takes  the  place  of 
a  match,  at  any  point  where  the  circuit  may  be  alternately 
made  and  broken.  The  spark  which  appears  in  a  "  clatter  " 
bell  (Fig.  187)  at  the  point/ where  the  current  is  alternately 


made  and  broken  is  dne  to  the  induced  current.  The  spark 
is  evidence  that  the  induced  current  has  high  Toltage, 
This  spark  will  light  the  gas. 
If  one  touches  the  conductor 
on  both  sides  of  tfale  point, 
/,  thus  making  it  possible  for 
this  induced  current  to  pass 
through  his'body  rather  than 
the  air,  he  will  feel  a  slight 
shock,  particularly  if  he 
moistens  his  hands  and  uses 
metal  handles  to  make  better 
contact.  The  dry  outer  skin 
being  a  poor  conductor,  the  tongue  or  inner  aurface  of  the 
mouth  may  be  used  to  furnish  a  place  for  contact. 

366.  The  Telephose— Fig.  188  will  serve  to  illustrate 
the  essential  features  of  the  telephone.  The  transmitter, 
T,  is  a  bos  filled  with  granules  of  carbon,  into  which  the 
battery  wires  enter.  P  is  the  primary  circuit  of  an  induc- 
tion coil.  Tapping  upon  the  bos,  7",  or  speaking  into  its 
causes  the  battery  current  to  vary  in  strength.  These 
variations  in  the  primary  circuit  cause  a  secondary  current 
of  high  intensity  to  surge  to  and  flow  through  the  secondary 
coils,  S  and  S",  and  around  the  permanent  steel  magnets, 
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>^    Y  Fw.  188.— The  telephone. 


m  and  m'.  When  these  induced  currents  go  in  one  direc- 
tion they  strengthen  the  magnet,  and  when  they  go  in  the 
opposite  direction  they  weaken  the  power  of  the  magnet. 
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This  cansea  the  disks  of  soft  iron,  R  and  £*,  to  vibrate 
exactly  as  the;  wonld  if  one  spoke  directly  against  them, 
and,  strange  to  say,  if  one  of  these  receivers,  R  or  R\  is  held 
near  to  a  person's  ear,  this  vibration  will  reproduce  the 
sounds  which  are  made  by  a  voice  speaking  into  the  box  of 
the  transmitter,  T'or  7". 

267.  Truuformen — If  the  electrio  current  is  to  be  con- 
ducted far,  as,  for  example,  to  light  dwellings  several  miles 
away  from  the  central  station  where  the  electricity  is  pro- 
duced, it  must  have  high  voltage  to  posh  its  way  through 
the  long  condnctors.  The  voltage  will  probably  need  to  be 
so  high  as  to  be  a  deadly  current.  Before  receiving  this 
into  our  houses,  we  would  prefer  to  have  its  voltage  reduced. 
This  is  done  by  transformers  which  are  simply  indaction 
coils.  What  we  lose  in  voltage  in  this  way  we  gain  in 
quantity,  as  might  be  expected  from  what  we  know  of  the 
conservation  of  energy.  Transformers  of  the  induction 
coil  type  require  alternating  currents.  They  consist  of  an 
iron  core,  a  primary  coil,  and  a  secondary  coil.  The  ratio 
of  the  electro-motive  force  in  the  primary  coil  to  that  in 
the  secondary  coil  is  known  as  the  ratio  of  trangformation. 
This  may  be  either  op  or  down — that  is,  the  voltage  may 
be  either  raised  or  lowered.  As  this  depends  upon  the 
number  of  turns  of  wire  in  the  two  coils,  the  ratio  of  trans- 
formation is  practically  the  ratio  of  the  number  of  turns  of 
wire  in  the  primary  coil  to  the  number  of  turns  in  the  sec- 
ondary coil.  If,  for  example,  an  external  circuit  has  a  pres- 
sure of  3,000  volts,  and  we  wish  a  house  current  for  incan- 
descent lamps  under  a  pressure  of  but  100  volts,  the  ratio 
will  clearly  be  30  and  the  coils  will  be  wound  accordingly. 
In  a  closely  peopled  district  the  transformer  may  be  at  the 
entrance  to  the  town,  while  in  a  more  scattered  district  the 
transformer  may  be  in  each  house. 
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V.  Electbic  Currents  by  Mechanical  Means 

268.  The  Xagneto-Eleotric  Kaehiite. — Faraday  followed 
np  his  discovery  of  current  induction  in  1831  by  the  iQTen- 
tion  of  a  magneto-electric  machine.  It  consieted  of  a  cop- 
per disk  mounted  to  rotate  between  the  poles  of  a  per- 
manent horseshoe  ma^et.  The  current  generated  in  the 
disk  was  collected  by  strips  of  copper  pressing  respectively 

against  the  axle  and  the  circum- 
ference of  the  disk.  This  little 
machine  is  the  honorable  ancestor 
of  all  the  company  of  machines,  - 
great  and  small,  magnetos  and  dy- 
namos, that  have  since  been  inyent- 
ed  for  the  purpose  of  turning  me- 
chanical motion  into  electric  energy. 
It  is  the  simplest  combination  pos- 
sible of  the  two  eBBential  elements, 
a  magnetic  field  and  a  movable  con- 
daotor. 

Later  machines  substitute  a  coil 
of  wire,  an  "  armature  "  for  the  disk. 
A  simple  form  of  this  is  presented  in 
Fig.  189.  It  is  manifest  that  the 
current  is  produced  in  this  machine 
by  causing  a  helix  of  wire  to  alter- 

^'°'  '*^  m^ne**^'*"'""   "**®'y  approach  and  recede  from  a 
steel   magnet.      The  current  thus 

induced  has  high  potential.     It  is  used  by  physicians  in 

treating  patients  by  electricity.    Its  more  common  nse  is 

for  telephone  calls. 

269.  The  Dynamo. — It  was  early  realized  that  no  field 
magnet  of  steel  could  be  so  powerful  as  an  electro-magnet. 
In  the  dynamo  this  field  electro-magnet  is  energized  by 
means  of  the  current  generated  by  the  machine  itself. 
This  is  possible  by  reason  of  the  residual  magnetism  which 
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ia  found  to  inhere  in  the  iron  core  of  the  field  magnet. 
The  field  thus  produced  is  very  weak,  but  it  is  not  withont 
effect.  When  the  armature  rotates  in  this  field,  very  feeble 
currents  are  set  up.  These  pass  into  the  external  circuit 
and  through  the  coils  of  the  electro-magnets,  thus  strength- 

S 


^Galvanometer  - 

Fio.  190.— The  dTiiamo. 

ening  the  magnetic  field,  which  in  turn  induces  stronger 
currents  in  the  armature.  B;  this  cumnlative  process  the 
field  soon  mounts  to  its  maximum  strength,  and  the 
machine  generates  a  powerful  current. 

The'  principle  of  the  dynamo  may  be  illustrated  by  Fig. 
190,  which  will  be  recognized  as  very  closely  resembling 
Fig.  138,  used  to  lIlnBtTate  an  electric  motor.  A  galva- 
nometer has  been  snbetitated  for  the  battery,  to  indicate 
the  current  which  this  will  produce.  The  electro-magnets 
a  and  h  are  the  field  magnets,  and  the  electro-magnets  c 
and  d  are  the  armatures.  The  iron  cores  of  these  electro- 
magnets are  never  entirely  withont  magnetism,  hence  if  we 
caase  c  and  d  to  rotate,  when  they  approach  b  and  a  they 
will  induce  reverse  currents  in  the  wires  which  encircle 
these  cores,  and  when  they  recede  from  b  and  a  they  will 
iudoce  iftrec^  currents  in  these  wires.    This  would  result  in 


an  alternating  cnrrent  if  it  were  not  tor  the  commutator 
(see  pp.  369  and  381). 

All  dynamoa  conBiat  eaeentially  of  three  elementB : 

1.  The  magnetic  field. 

2.  The  armature. 

3.  The  collecting  apparatus. 

a.  Commutator  in  the  direct-current  machines. 

h.  Collecting  bruabes  in  the  alternating-current  ma- 
chines. 

The  Magnetic  Field. — The  Bmaller  dynamoB  have  a 
simple  field  produced  by  two  pole  pieces  of  opposite  polar- 
ity, facing  each  other.  Each  pole  piece  is  hollowed  out 
into  a  semi-cylinder,  and  as  the  two  pieces  almost  touch 
each  other,  the  armature  rotates  in  a  nearly  closed  cylinder 
of  highly  magnetized  iron  (Fig.  191). 


Fio.  161.— The  dynnmo. 

The  powerful  modern  dynamos  are  frequently  multi- 
polar, having  four,  six,  or  eVen  eight  pole  pieces. 

The  armature  in  all  modern  machines  is  made  ap  of 
many  circuits.     The  ainglc-coil  armature  can  not  give  a 
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steady  current,  becaoae  at  each  reversal  ol  curreiit — that  is, 
twice  every  rotation — the  carrent  must  be  reduced  to  zero, 
and  conseqnently  the  carreitt  in  the  external  circuit  is  in 
reality  a  series  of  momentary  currents,  all  in  the  same 
direction  but  not  continuous.  By  having  several  separate 
circuits  moving  in  different  parts  of  the  field,  we  shall 
always  have  one  or  more  of  them  current-producing,  and 
conseqnently  in  the  external  circuit,  though  the  current 
is  still  subject  to  pulsations,  it  never  entirely  dies  away. 
It  is  also  possible  to  cut  out  the  separate  circuits  when 
they  are  not  active,  and  so  rednce  the  resistance  of  the 
armature. 

The  Collecting  Apparatus — The  Commutator. — When 
the  current  desired  must  be  direct,  the  collecting  brushes 
have  the  added  function  of  changing  the  alternate  currents 
into  a  direct  and  continuous  one.  The  simple  commutator 
has  already  been  described  in  connection  with  the  electric  . 
motor  (page  369). 

By  referring  to  Fig.  190,  we  may  see  how  these  brushes 
serve  to  change  an  alternating  current  into  a  direct  one. 
Snpp<»e  c  and  cf  to  be  approaching  b  and  a  respectively. 
Currents  will  be  induced  in  the  wire  encircling  these  cores, 
which  will  take  the  direction  of  the  arrows — that  is,  a  cur- 
rent will  be  induced  which  will  pass  around  c  from /to  e 
and  around  d  from  /  to  e.  These  currents  will  combine 
and  pass  out  by  the  spring  or  "  bmsh,"  g,  around  the  core 
a  so  as  to  intensify  its  magnetism,  through  the  galvanom- 
eter, whose  needle  it  will  deflect,  showing  at  the  same  time 
the  direction  and  the  strength  of  the  current,  then  around 
2  BO  as  to  increase  its  magnetism,  and  finally  bach  to/by 
the  spring  or  "  brush,"  h.  When  e  and  d  pass  b  and  a  and 
b^n  to  recede  from  them,  the  current  which  encircles 
them  will  be  induced  in  the  opposite  directioa,  but  at  the 
same  instant  the  brushes  shift  to  the  opposite  plates,  e  com- 
ing under  h  and /coming  under  g.  So  that  the  moment 
the  magnets  c  and  (2  require  the  carrent  to  pass  from  eto/, 
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e  comes  in  contact  with  A  and  /  vith  g,  and  tfaae  the  cnrrent 
continaes  to  flow  from  A  to  ^  ae  before.  Of  conrae,  it  la 
nnderBtood  that  t  and  /  are  Bemicircles  of  metal  upon  a 
wooden  disk,  bo  that  the  only  way  the  cnrrent  may  pass 
from  /  to  e  18  tbrongh  the  wires  which  encircle  the  cores 
c  and  d. 

In  the  case  of  altemate-cnrrent  machines,  the  bmshea 
have  only  to  collect  the  cnrrent  and  send  it  over  the  main 
circnit.  Alternators  are  very  much  nsed  in  electric  light- 
ing. The  current  surgee  hack  and  forth  so  rapidly  through 
the  lamp  as  to  produce  a  steady  light.  They  have  the 
advantage  of  requiring  no  commutator.  The  Westinghouse 
machine  is  the  one  best  known  in  America. 

The  total  ontput  of  electric  energy  in  any  machine  is 
equal  to  the  product  of  G  and  £  or  C  E  Watts,  and  this 
dirided  by  746  will  giTO  the  eqaivalence  in  horse  power. 
The  mechanical  efiBciency  is  the  ratio  of  the  total  ontput 
of  energy  to  the  energy  put  into  the  dynamo  in  the  form 
of  mechanical  work.  It  mast  be  remembered  that  we  never 
get  out  of  any  machine  as  much  as  we  put  into  it.  We  nse 
a  steam  engine  or  water  power  to  canse  the  dynamos  to  go ; 
a  60-hor8e-power  steam  engine  can  not  produce  electrical 
energy  through  the  dynamos  which  will  do  the  work  of  60 
horse  power.  Electricity  is  not  to  be  regarded  as  a  source 
of  power.  It  can  not  be  called  a  rival  of  steam,  since  we 
are  dependent  upon  steam  to  produce  it.  Its  use  is  to 
transmit  the  power  of  the  st«am  engine,  and  hence,  if  it  is 
the  rival  of  anything,  it  is  the  rival  of  the  engine  belt.  A 
short  time  ago  moat  of  the  street  cars  in  New  York  city 
were  cable  cars — that  is,  they  ran  by  grappling  a  cable,  or 
huge  engine  belt,  which  ran  from  a  central  steam  engine 
for  many  miles  in  a  conduit  under  the  street.  This  cable 
was  not  the  source  of  power ;  it  only  transmitted  the 
power.  But  more  recently  electricity  has  been  adopted  aa 
a  successful  rival  to  this  cable  as  a  means  of  transmitting 
the  power  of  the  central  steam  engine.     The  engine  is  still 
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the  power  which  mores  the  cars,  bnt  inetead  of  pulling 
them  along  now  by  meanB  of  a  very  long  cable  passing 
aroand  the  driving  wheel  of  the  engine  and  for  miles  ander 
the  street,  the  engine  now  operates  dynamos,  and  the  dyna- 
mos send  the  current  through  conductors  running  in  con- 
dnits  nnder  the  street  where  the  cable  used  to  ran.  The 
cars  receive  the  electric  current  from  these  conductors 
through  motors  nndemeath  each  car,  which  are  geared  to 
the  car  axle.  Whenever  the  motorman  turns  the  electric 
current  upon  a  car  to  make  it  go,  it  throws  a  load  apon  the 
central  steam  engine  just  as  much  as  the  cable  did;  and 
when  the  electric  car  goes  up  hill  it  throws  an  extra  load 
upon  the  engine,  just  as  the  cable  did ;  and  when  the  elec- 
tric lights  or  the  electric  radiators  in  the  cars  are  turned 
on,  the  central  engine  does  a  definite  additional  amount  of 
work,  which  requires  a  definite  additional  amount  of  coal 
to  be  burned  just  as  truly  as  though  the  cars  were  heated 
by  steam  or  lighted  by  coal  gas.  If  the  dynamo  current  is 
used  to  ring  an  electric  bell,  or  decompose  water,  or  do 
work  of  any  kind,  the  dynamo  goes  harder  and  the  steam 
engine  goes  harder.  More  steam  must  be  produced  and 
more  coal  burned  to  just  the  extent  of  the  work  per- 
formed. 

Electricity  is  the  most  convenient  method  of  transmit- 
ting power.  It  will  go  over  hill,  through  dale,  up  and  down, 
right  and  left,  and  may  be  tapped  wherever  you  will.  It 
has  now  become  the  moat  economical  method  as  well.  The 
more  carefully  the  current  is  studied,  the  more  wisely  are 
we  able  to  make  use  of  it.  In  any  circuit  the  lose  of  energy 
appears  as  heat.  By  sending  currents  of  excessively  high 
voltage,  as  much  as  10,000  volts  or  more,  with  current 
strength  of  only  a  few  amperes,  this  loss  is  made  compara- 
tively trifling.  When  the  current  has  reached  the  place 
where  it  is  to  be  nsed,  its  character  may  be  changed,  as 
desired,  from  alternating  to  direct,  and  ^om  high  voltage 
to  low  voltage,  with  proportionally  increased  quantity. 
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As  time  passes,  the  water  powers  of  the  oouQtry  are 
beiog  increasingly  harnessed  to  the  work  of  current  genera- 
tion, and  the  current  is  being  transmitted  over  long  dis- 
tances. At  the  Frankfort  Electrical  Exhibition  a  current 
of  140  horse  power  was  bronght  117  miles  from  the  Falls  of 
the  Neckar  with  a  loss  of  only  26  per  cent.  It  is  also  quite 
possible  that  we  may  speedily  find  it  more  economical  to 
burn  our  coal  at  the  mines  themselves,  and  send  the  energy 
to  town  over  copper  wires  instead  of  in  railroad  cars. 

The  usefulness  of  the  current  depends  very  largely  upon 
the  fact  that  it  may  readily  be  transformed  into  mechan- 
ical motion  again  by  means  of  the  electric  motor.  In  the 
dynamo  we  put  in  mechanical  energy  and  get  out  electric 
current ;  in  the  motor  we  put  in  current  and  get  out  me- 
chanical motion.  Dynamo  and  motor  are  thus  the  converse 
of  each  other.  They  are,  indeed,  entirely  interchangeable. 
A  dynamo  fed  with  current  becomes  a  motor  ;  a  motor  fed 
with  mechanical  motion  becomes  a  dynamo. 

VI.    ElECTHIC    CUSBEITTS   FBODUCED    BY   HeA.T 

370.  Thermo-eleotrio  Cumnti.— When  the  janction  of 
two  dissimilar  metals,  such  as  antimony  and  bismuth,  is 
heated  and  their  colder  ends  are  connected  by  a  copper 
wire,  a  cnrrent  is  found  to  flow  in  the  wire  from  the  anti- 
mony to  the  bismuth.    When  several  such  pairs  are  united 
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in  series,  and  the  alternate  junctions  Ijeated,  the  resulting 
thermo-electric  current  is  proportional  to  the  number  of 
pairs  (Figs.  193  and  193). 
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371.  The  Thermopile  is  a  compact  boDdle  of  snch  an- 
timoQj-biBmuth  pairs,  sometimea  in  great  numbers,  and 
when  coDneoted  with  a  sensitive  galvanometer  forms  a 
wonderfully  delicate  means  of  detecting  and  messuring  the 
slightest  diSereucea  of  temperature.  It  is  with  this  instm- 
ment  that  we  explore  the  spectrum  and  measure  the  com- 
parative temperature  of  the  various  rays.  Thermopiles  are 
now  manufactured  and  sold,  which  are  a  very  practical 
moans  of  furnishing  electric  currents  for  laboratory  and 
lecturo-room  work. 
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CHAPTER  XXVI* 

RATS  or  tXOBT  Of  STRAIOBT  LOUS 

273.  What  ii  I%htT— We  knov  that  snnlight  tang  the  | 
akin  and  fades  the  colors  in  our  clothes,  while  at  the  name 
time  it  causes  the  brilliant  colors  of  the  flowers.  It  makes 
the  green  color  in  plants,  for  potatoes  sprout  and  grow 
white  vines  in  a  dark  cellar,  but  green  ones  in  the  open 
sunlight.  It  assists  the  healthy  growth  of  most  plants 
and  animals,  but  hindei^  the  growth  of  molds  and  man; 
obnozious  germs.  Milk  pans,  butter  pots,  bread  jars,  bed- 
ding, etc.,  are  put  out  to  "sun"  in  order  that  they  may 
become  "  sweet."  Sunlight  is  the  most  efficient  disinfect- 
ant for  our  apartments.  Yet,  what  is  this  light?  We 
speak  of  its  coming  from  an  object  and  going  to  an  object, 
and  we  know  that  it  requires  about  eight  minutes  for  light 
to  travel  from  the  sun  to  the  earth,  about  forty  minutes 
for  it  to  come  from  the  planet  Jupiter,  about  four  hours 
for  it  to  come  from  the  planet  Neptune,  and  about  forty 
years  for  it  to  come  from  the  North  Star.  Thus  the 
velocity  of  light  is  186,000  jniles  per  second.  This  la  also 
the  velocity  of  electricity  and  of  heat  radiation.  What  do 
we  mean  when  we  speak  of  light  streaming  into  a  room? 
Is  it  a  substance  ?  Has  it  weight  P  Can  it  fill  a  apace  and 
exclude  other  things  from  the  same  space?  We  naturally 
think  of  light  as  closely  connected  with  heat.    We  are 

•  Coneidersble  portions  o(  these  chapters  on  Light  have  been  taken 
from  Wood huH'a  First  Course  in  Science,  with  the  permission  o(  the 
publishers,  Messrs,  Henrj'  Holt  &  Co.,  New  York. 
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familiar  with  the  heating  of  Bubstanoes  outil  they  give  oat 
light,  first  dull  red,  and  afterward  brilliant  white  light. 
We  naturally  think  of  both  light  and  heat  as  being  the 
essential  characteristics  of  the  Bun's  rays.  In  sncceeding 
pages  we  shall  leam  bow  to  concentrate  the  sun's  rays  by 
means  of  concave  mirrors  or  convex  lenses,  so  as  to  set  fire 
to  wood  or  paper.  We  shall  alao  leam  how,  by  means  of 
prisms,  to  separate  the  light  rays  from  the  heat  rays. 
They  may  be  separated  alao  by  filtration  or  absorption,  as 
has  already  been  stated  in  sections  20%  and  203.  From 
this  we  may  leam  that  while  heat  raja  and  light  rays  are 
Tery  closely  associated,  they  are  not  the  same.  Our  pres- 
ent conception  is  that  light  rays,  heat  rays,  and  electric 
currents  are  all  forms  of  ether  Tibrations,  differing  only  in 
wave  lengths.  Those  which  are  capable  of  exciting  the 
optic  nerve  we  call  light  rays  ;  they  have  the  shortest  wave 
lengths.  Those  which  excite  the  nerves  of  temperature 
sensation  we  call  beat  rays ;  they  have  medium  wave 
lengths.  Those  which  produce  electric  phenomena  we  call 
electric  waves ;  they  are  the  longest  of  the  three  kinda 
mentioned  here.  These  waves  may  readily  be  transformed, 
the  one  into  the  other,  and  all  may  set  up  those  molecular 
motions  in  matter  which  we  call  heat.  The  distinction 
between  these  various  kinds  of  ether  vibrations  will  be 
made  more  clear  in  section  331. 

373.  How  the  Telocity  of  light  vas  detennined.— It  was 
noticed  by  a  Danish  astroaomer,  Olaf  Boemer,  in  1676,  that 
the  observed  and  computed  times  of  the  eclipse  of  Jupiter's 
satellites  differed  by  an  amount  too  great  and  too  constant 
to  be  assigned  to  observational  error.  The  eclipse  of  a 
satellite  occurs,  as  we  all  know,  when  it  passes  into  the 
shadow  of  its  planet,  and  the  precise  time  and  duration  of 
an  eclipse  may  therefore  be  calculated  with  great  accuracy. 
Boemer  noticed  that  when  the  eclipse  was  seen  while  the 
earth  (Fig.  194,  A)  and  Jupiter  were  on  the  same  side  of 
the  sun — as  the  astronomers  say,"  in  conjunction" — the 
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time  WW  16'  36'  earlier  than  when  tlie  earth  (Fig.  194,  B) 
and  Jupiter  were  on  oppoBite  Bides  of  the  snti ;  that  is,  "  in 
opposition."  In  the  latter  case  it  is  Tery  plain  that  the  light 
reflected  from  the  satellite  has  to 
travel  farther  through  space  by  just 
the  diameter  of  the  earth's  orbit — 
about  184,000,000  miles.  Dividing 
the  distance  by  the  time  in  seconds, 
we  have  a  speed  of  abont  186,000 
nules  per  second.  Several  more  re- 
fined methods  of  determining  the 
velocity  of  light  have  been  employed, 
but  all  give  abont  the  same  result. 

374.  SomefienlUoftfae  Acttltat 
It  takes  Light  Time  to  traveL— As  a 
result  of  the  appreciable  time  re- 
qnired  by  light  to  pass  over  space,  we 
see  the  celestial  universe  never  as  it 
is,  but  always  as  it  was.  Even  the 
moon,  onr  nearest  neighbor  in  space, 
is  over  a  second  behindhand  in  all 
her  reports,  and  the  snn  is  8'  18*  be- 
hind time.  He  is  mathematically 
above  onr  horizon  by  that  amount  of 
time  before  we  see  him  at  all,  and  be 
remains  visible  to  ns  for  the  same 
length  of  time  after  he  has  really 
passed  below  the  western  horizon. 
Now  in  eight  minutes  of  time  the 
earth  will  cover  an  angle  of  2°  in 
rotation.  But  the  snn,  as  seen  from 
the  earth,  only  covers  an  angle  of 
abont  half  a  degree.  Consequently 
the  Bun  is  really  four  times  his  own 
diameter  above  the  horizon  before  we  know  that  he  is  up 
at  all.     (These  calculations  neglect  refraction,  Chapter 
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XXIX,  eection  306.)  The  reports  from  the  distant  planets 
ore  Gorreapondiagly  retarded,  but  the  delay  is  the  moat 
noticeable  in  the  case  of  the  fixed  stars.  The  nearest  one, 
a  Centaari,  is  so  far  ofE  that  it  takes  about  three  and  a 
half  years  for  its  light  to  reach  as.  Sirius,  the  brigfatest 
star  in  our  heaTens,  requires  ie.7  years  to  send  its  light 
to  as ;  Arctnrus  35.4  years ;  Polaris,  the  North  Star,  42.4 
years ;  and  a-  Draconis  139.1  years — that  is,  if  the  last-men- 
tioned star  should  cease  to  send  forth  light  to-day,  it  wonld 
be  129.1  years  before  its  last  light  wave  wonld  reach  m, 
although  during  each  second  in  all  that  time  it  would  hare 
traveled  toward  us  at  the  inconceivable  speed  of  186,000 
miles. 

376.  The  Sonzoei  of  Light  are  practically  the  same  as  the 
sources  of  heat — the  sun,  chemical  energy,  mechanical  power, 
and  electricity.  These  agents  all  have  the  power  of  setting 
up  ether  vibrations  of  such  rapidity  that  they  are  sensible  to 
OS  as  light.  The  one  principle  in  all  onr  artificial  lights  ia 
the  heating  of  matter  to  incandescence — that  is,  to  such  a 
temperature  as  will  set  the  ether  into  vibration  within  the 
prescribed  limits  of  light.  In  the  case  of  candle,  kerosene 
lamp,  or  gas  flame,  by  far  the  largest  product  of  the  chem- 
ical action  is  heat.  This  heat  raises  a  small  portion  of 
the  more  refractory  particles  of  carbon  to  incandescence, 
and  these  are  responsible  for  all  the  light.  This  is  well 
illustrated  by  holding  a  small  wire  in  the  flame  of  a  Bnn- 
sen  burner  until  it  gets  white  hot.  To  gain  the  incan- 
descence needed  a  high  degree  of  heat  is  required.  We 
are  obliged  to  spend  much  of  onr  energy  in  producing 
the  long  vibrations  in  the  ether  that  are  of  no  direct  use 
in  illumination.  It  is  very  natural,  therefore,  that  physi- 
cists should  look  to  the  possibility  of  producing  the 
shorter  ether  waves,  which  affect  onr  eyes  as  light  with- 
out passing  through  the  heat  stage  at  all.  Tesla  especially 
has  worked  over  this  problem  with  much  patience  and 
ingenuity. 
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376.  Photometry — Law  of  ZnTone  Bqi»rei. — The  farther 
TO  get  away  fsom  a  light  the  less  intense  it  becomes.  Let 
a  candle  fifuue  (Fig.  195)  be  the  Bource  of  light.  We  can 
picture  rays  going  out  in  all  directions.     Suppose  we  trace 


Fio.  19S.— Law  of  tuTeise  sqiuraa. 

the  fonr  rays  which  at  any  given  distance,  say  one  metre, 
hound  a  one-inch-sqnare  screen.  As  the  rays  come  from  a 
common  center  the;  are  divergent,  and  the  farther  away  we 
go,  the  wider  apart  do  they  become.  At  a  distance  of  two 
metres  let  as  place  a  second  screen.  By  similar  triangles 
each  side  of  this  second  square  must  be  twice  as  long  aa 
those  of  the  first,  and  consequently  the  area  must  be  four 
times  as  great  as  that  of  the  first.  If  we  remove  the  first 
screen,  the  amount  of  light  that  formerly  fell  on  it  is  now 
distributed  over  four  times  the  area,  and  consequently  can 
be  only  one  fourth  as  intense.  If  we  place  a  third  screen 
three  metres  away  from  the  flame,  each  side  of  the  square 
will  evidently  be  three  times  as  long  as  those  of  the  first, 
and  the  area  consequently  nine  times  that  of  the  first.  If 
the  second  screen  be  now  removed  the  original  illumina- 
tion is  spread  over  nine  times  the  area,  and  consequently 
can  be  only  one  ninth  as  intense.  The  distauces  are, 
1:2:3;  the  areas,  1:4:9;  the  intensities,  1 : }  :  J.  Hence 
the  law  of  inverse  squares :  The  intensity  of  light  varies 
inversely  as  the  square  of  the  distance  from  the  source. 
The  law  holds  for  gravitation,  heat,  and  the  attractions 
and  repulsions  of  magnets  and  electrified  bodies.  In  every 
case  the  force  varies  inversely  as  the  square  of  the  distance. 
The  standard  in  America  and  Great  Britain  is  the  candle 
power.  A  standard  sperm  candle,  weighing  six  to  the 
pound,  seven  eighths  inch  in  diameter,  and  burning  120 
grains  an  hour,  gives  1  candle  power ;  an  average  gas  jet 
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yields  10  candle  power;  kh  incandeBcent  lamp  usually  16 
candle  power ;  the  more  powerfal  oil  lamps  as  high  as  60 
candle  power ;  and  the  usoal  arc  lamps  about  1,:300  candle 
power. 

Photometry  is  a  science  of  light  measurement.  It  has 
both  scientific  and  practical  importance.  Since  light,  like 
other  commodities,  is  now  bought  and  sold,  people  want  to 
know  how  much  they  are  getting  or  giving.  An  instru- 
ment for  measuring  the  intensity  of  light  is  known  as  s 
photometer.  We  will  consider  only  one.  All  methods  of 
measuring  light  depend  on  the  law  of  inTcrse  squares. 

Jium/ord's  Photometer. — If  a  vertical  rod  or  other  opaqne 
object  be  placed  in  front  of  a  screen  (Fig.  196),  and  light 
from  two  sources  fall  upon  the  rod,  it  will  oast  two  shadows 


on  the  screen.  Each  shadow,  however,  will  be  illuminated 
by  light  coming  from  the  other  source.  By  having  the 
shadows  not  too  far  apart,  we  may  compare  their  intensities 
by  the  eye  with  fair  accuracy.  If  the  lights  are  placed  at 
suitable  distances,  the  shadows  may  be  made  equally  intense. 
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Ab  the  illumination  from  both  soarces  is  now  equal,  their 
candle  powers  will  be  as  the  square  of  their  distances  from 
the  screen. 

277.  Tb«  Eel&tive  Uluninatloa  of  a  Page  of  Reading 
Krttter  when  held  near  to  or  far  from  the  Source  of  Light. 
— A  kerosene  lamp  or  a  gas  flame  may  give  a  light  of  six- 
teen candle  power,  and  when  we  reflect  that  not  many  years 
ago  people  used  fewer  candles  than  we  now  nse  of  lamps  or 
gas  jets,  it  appears  that  we  are  more  than  sixteen  times  as 
well  provided  with  light  as  onr  ancestors.  They,  however, 
usually  held  a  candle  very  near  to  the  page  while  reading, 
and  people  in  these  days  often  employ  a  poor  lamp  and  sit 
far  from  it.  One  should  frequently  remind  himself  that 
when  he  is  twice  as  far  from  the  light  he  receives  one  quar- 
ter as  much  of  it,  and  when  he  is  three  times  as  far  away 
he  receives  only  one  ninth  as  much  of  it,  etc. 

S?8.  Eeiatitm  between  Temperature  uid  Intensity  of 
Ijght. — It  is  found  that  the  intensity  of  the  light  proceed- 
ing from  any  given  source  increases  remarkably  with  an  in- 
crease in  the  temperature  of  the  source.  Authorities  differ 
aa  to  the  temperature  at  which  light  waves  begin  to  be 
given  off,  Weber  placing  it  at  390°  C.  and  Draper  at  600° 
G.  It  depends,  of  course,  upon  the  sensitiveness  of  the 
observer,  and  we  can  never  know  absolutely.  Ordinary 
solids  must  be  heated  from  800°  C.  to  1,000°  C.  in  order  to 
emit  rays  of  white  light — that  is,  to  become  white  hot. 
But  all  observers  agree  as  to  the  remarkable  increase  at  the 
higher  temperatures.  It  is  estimated  that  platinum  gives 
thirty-sii  times  as  much  light  at  1,400°  C.  as  it  does  at 
1,000°.  This  fact  is  utilized  in  the  incandescent  electric 
lamp.  The  carbon  filaments  are  heated  just  aa  hot  as  they 
may  be  without  suSering  too  rapid  disintegration.  Econ- 
omy is  found  in  the  nice  balance  between  these  two  con- 
siderations. The  temperature  of  the  "  cratfer  "  of  an  arc 
lamp  is  about  3,500°  C.  Hence  its  large  illuminating  power 
and  its  economy. 
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379.  The  Tinul  Angle :  How  we  ma  it  fl>r  — Hiwating 
DlftuiMi. — The  angle  vhich  the  lines  of  light  from  the 
opposite  extremitiee  of  an  object  make  at  the  eye  is  called 
the  Tisnal  angle.  Our  eetimateB  of  the  size  of  things  Beem 
to  be^  founded  to  a  certain  extent  upon  their  supposed  dis- 
tance and  the  visual  angle  which  they  subtend.  This  mar- 
Telous  facnlty  which  we  have  of  judging  distance  ie  un- 
doubtedly acquired  by  a  slow  process  of  education.  The 
story  is  familiar  of  the  person  bom  blind  who,  having  in 
later  years  obtained  his  sight  through  a  surgical  operation, 
reached  out  hie  hand  to  lay  it  upon  a  distant  church  steeple 
which  he  supposed  to  be  near  enough  to  touch.  Subtend- 
ing so  small  a  visual  angle  as  it  did,  if  he  conceived  its  dis- 
tance 80  little,  he  must  have  thought  it  a  miniature  toy. 
One  appreciates  that  this  faculty  can  be  trained  when  he 
sees  bow  efficient  sailors  become  in  the  use  of  it.  The 
landsman  finds  himself  greatly  at  loss  to  estimate  distances 
upon  the  sea. 

If  we  can  form  no  conception  of  the  distance  of  an 
object,  we  are  at  a  lose  to  make  any  estimate  as  to  its  size. 
People  sometimes  amuse  themselves  making  comparisons 
between  the  apparent  size  of  the  moon  and  that  of  familiar 
objects.  One  says  it  looks  about  the  size  of  a  silver  dime, 
another  compares  it  to  a  silver  dollar,  and  still  a  third  finds 
a  carriage  wheel  represents  it.  How  completely  without 
foundation  these  estimates  are  will  be  seen  when  one  con- 
siders that  if  the  eye  were  placed  at  one  end  of  a  metre 
stick,  and  an  object  one  centimetre  in  diameter  were  placed 
at  the  other  end,  it  would  subtend  about  the  same  visual 
angle  as  the  moon. 

Some  curious  errors  of  judgment  as  to  size  occur  when 
we  have  formed  a  wrong  estimate  of  the  distance  of  an 
object.  In  the  dim  twilight,  one  evening,  a  cat  shot  across 
the  field  of  vision  and  ran  up  a  little  tree  not  more  than 
four  rods  distant  from  the  observer,  who  had  not  noticed 
the  little  tree  becaose  a  very  large  tree  about  twice  as  far 
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diBtant  stood  directly  in  line  vith  it.  Supposing,  therefore, 
that  the  cat  vas  twice  her  actual  distance  away,  he  was  at 
the  moioent  rather  appalled  at  the  appai-ition  of  a  cat 
three  feet  long  instead  of  eighteen  inches,  as  ah'e  probably 
vas.  Sach  hallucinations  are  apt  to  fade  from  the  mind  as 
suddenly  as  they  come. 

The  sun  and  moon  each  subtend  a  visual  angle  of  about 
half  a  degree.  The  sun  ia  about  four  hundred  times  as  far 
avay  as  the  moon,  and  is  about  four  hundred  times  as  broad. 
Yet  they  appear  to  us  to  be  about  the  same  size,  because 
ve  conceive  of  them  as  being  at  the  same  distance.  If  by 
any  means  ve  could  make  the  sun  appear  to  be  farther 
from  us  than  the  moon,  it  would  appear  larger.  To  most 
persons  the  sky  appears  like  a  flattened  dome,  with  the 
zenith  much  nearer  than  either  horizon.  Hence  the  son 
and  moon  appear  to  us  larger  vhen  in  the  horizon  than  in 
the  zenith.  . 

The  sun  ia  ao  far  away  that  the  rays  of  its  light  which 
reach  us  are  very  nearly  parallel.  The  greatest  possible 
variation  from  parallel  wonld  obviously  esist  between  those 
rays  which  start  from  opposite  extremities  of  the  sun's  disk 
and  meet  at  the  eye  of  the  observer.  Such  rays  would  vary 
half  a  degree  from  parallel. 

An  object  becomes  invisible  when  it  subtends  a  smaller 
angle  than  jjjf  of  a  degree.  If  it  is  one  of  the  largest  bodiea 
in  the  universe,  but  far  enough  distant  to  subtend  ^^ 
of  a  degree,  it  ia  invisible  without  the  aid  of  a  telescope ; 
or  if  it  is  ever  so  near  at  hand  bat  subtends  so  small  an 
angle,  it  ia  invisible  without  the  aid  of  a  micrpscope.  These 
inatniments  increase  the  viaual  angle  by  means  of  lenses, 
as  will  be  explained  in  Chapter  XXIX. 

We  are  deceived  with  reference  to  the  size  of  an  object 
if  it  gives  a  very  brilliant  light.  The  filament  in  an  incan- 
deacent  electric  lamp,  which  is  so  small  as  to  be  seen  with 
difficulty  when  it  is  not  giving  light,  appears  very  much 
larger  when  it  is  giving  light.    The  sun,  although  it  sub- 
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tends  the  same  visual  angle  as  the  moon,  appears  larger 
because  it  is  more  brilliant.  When  the  sun  is  aeen  through 
a  thin  cloud  which  shuts  off  some  of  its  light,  persons  are 
often  surprised  to  find  that  it  appears  smaller  than  they 
had  imagined, 

280.  Shadowi.— In  Fig.  197  let  L  represent  a  point  of 
light,  c  d  an  opaque  object,  and  ef  a  screen.  It  is  manifest 
that  no  light  from  L  will  pass  into  the  region  c  d  ef.  This 
is  the  shadow.  Its  length  may  extend  indefinitely  as  the 
screen  is  moved,  away  from  c  d.  We  more  often  think  of 
the  shadow  as  being  mere- 
ly that  portion  of  the  screen 
which  receives  no  light. 


Fio.  19T.— Umbia.  Fra.  IBS.— Umbn  and  pentunbn. 

Umbra  and  Pmumbra.—lQ  Fig.  198  let  /'represent* 
flame,  and  let  a  and  h  represent  its  extremities;  cd  is  an 
opaque  object,  and  ef  a  screen  as  before.  The  region  into 
which  no  light  may  pass  is  cd  ^A.  Around  this  there  is 
a  region  ceg  and  dfh  into  which  a  more  or  less  limited 
portion  of  the  light  from  F  may  pass.  To  distinguish 
between  these  regions,  we  call  the  portion  which  receives 
no  light  the  umbra,  and  the  other  the  penumbra.  The 
penumbra  grows  gradually  denser  as  we  pass  from  its  outer 
limits  inward  toward  the  umbra,  and  there  is  no  distinct 
dividing  line,  as  eg  or  dh. 

381.  Th«  Koon'i  Shadow— EolipieB  of  the  Bun  and 
Moon.— In  Fig.  199  the  angle  ao  J  is  made  jnst  half  a  de- 
gree. If  an  observer  were  stationed  at  o,  and  the  lines  oa 
and  0  b  were  extended  240,000  miles  (the  distance  of  the 
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moon),  they  would  then  be  just  far  enough  apart  to 
span  the  moon — that  is,  2,000  miles  apart.  If  then 
they  ahould  be  eitended  93,500,000  milea  (the  dis- 
tance of  the  snn),  they  wonld  be  far  enough  apart  to 
span  the  bud — that  is,  860,000  milea  apart. 

If  it  were  strictly  true  that  both  the  Bon  and 
moon  subtend  an  angle  of  half  a  degree,  it  would 
follow  that  the  moon's  shadow  as  cast  by  the  enn 
wonld  be  jnat  long  enough  to  reach  the  eauiih.  The 
truth  is  that  the  moon's  umbra  is  sometimes  a  little 
longer  than  its  distance  from  the  earth,  and  it  cot- 
ers  a  small  portion  of  the  earth's  surface  when  it 
chancea  to  sweep  acroas  it.  Uaoally,  however,  we 
paaa  through  nothing  but  the  penumbra  on  an  occa- 
sion of  an  eclipse  of  the  sun. 

The  ttmbra  has  the  shape  of  a  cone,  whose  length 
is  aboat  240,000  milea  and  whoae  base  ia  about  3,000 
miles.  The  penumbra  is  also  an  exceedingly  slim 
cone,  whoae  base  is  removed  to  an  indefinite  dis- 
tance, and  whose  apex  is  cut  by  the  nmbra,  which 
extends  into  it  like  the  crater  of  a  volcano.  Fig. 
300  gives  a  suggestion  of  their  appearance. 

The  earth's  shadow  is  similar  in  appearance  to 
the  moon's.  The  umbra  is  a  cone  whoae  base  ia 
about  8,000  miles  in  diameter,  and  whose  length  is 
about  868,000  miles. 

It  is  convenient  to  remember  that  the  length  of 
the  earth's  umbra  is  aboat  eqnal  to  the  diameter  of 
the  sun,  but  it  is  more  to  our  present  purpose  to 
notice  that  it  ia  nearly  four  times  as  long  as  the  ' 
moon's  umbra,  and  herein  lies  the  reason  for  its 
darkening  the  face  of  the  moon  more  often  than  the 
moon's  shadow  eclipses  the  earth.  In  Fig.  300  ann- 
light  is  supposed  to  come  from  the  left-hand  mar- 
gin of  the  page  in  lines  deviating  from  parallel,  aa 
Fig.  199  represents,  and  lighting  half  of  the  earth 
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and  moon.  The  umbra  coBt  by  each,  with  its  proportional 
length,  ia  shoTn.  The  pennmbra  in  each  case  may  be  im- 
agined. The  moon  is  represented  as  approaching  the  part 
of  its  orbit  where  it  will  cast  its  shadow  npon  the  earth. 
Persons  npon  the  earth's  surface  will,  where  the  shadow 
passes,  notice  a  dark  body  apparently  passing  across  the 
face  of  the  sun.  This  phenomenon  is  called  an  eclipse  of 
the  sun.  It  requires  shout  a  month  for  the  moon  to  re- 
Tolre  around  the  earth ;  hence  in  about  half  a  month  it 
will  be  approaching  the  earth's  shadow,  and  when  it  passes 
through  it,  persons  upou  that  part  of  tho  earth's  surface 
turned  toward  the  moon  will  notice  a  dark  body  apparently 
passing  across  the  face  of  the  moon.  This  phenomenon  is 
called  an  eclipse  of  the  moon.  From  this  it  would  appear 
that  there  shonld  be  an  eclipse  of  both  sun  and  moon  each 
month,  but  this  is  certainly  not  the  case,  an  eclipse  of  the 
sun  being  very  rare,  and  one  of  the  moon  occurring  far 
from  once  a  month.  This  is  explained  by  the  fact  that  the 
moon  does  not  revolve  in  the  same  plane  ae  that  in  which 
the  earth's  shadow  lies,  as  will  be  seen  by  referring  to  Fig. 
SOI,  which  represents  what  we  might  suppose  we  would  see 


if  we  were  to  look  down  upon  Fig,  200  from  the  direction 
of  the  top  of  the  page.  From  this  it  would  appear  that  an 
eclipse  of  neither  sun  nor  moon  might  ever  occur.    But  it 
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must  be  remembered  that  the  earth  accompanied  by  the 
moon  ia  revolving  around  the  sqd  in  the  plane  in  which 
X,  y,  and  t  lie  in  FigB.  200  and  201,  and  there  will  be  places 
ia  its  orbit  where  eclipses  may  occur — cclipseB  of  the  moon 
far  more  freqnently  than  eclipBea  of  the  enn,  because  the 
earth's  shadow  is  so  much   larger  than  the  moon's.     It 


Fra.  201. 

mnst  be  trne  that  whenever  any  place  comes  within  the 
umbra,  a  total  eclipse  occurs  for  that  place;  hence  we  see 
why  partial  eclipses  are  tolerably  frequent,  while  total 
eclipses  are  very  rare.  It  should  be  mentioned  that  the 
orbit  of  the  earth  Ib  slightly  elliptical,  and  therefore  the 
sun  is  a  little  nearer  at  one  time  than  another,  and  the 
nmbra  of  both  the  earth  and  the  moon  mnst  therefore  be  a 
little  shorter  at  one  time  than  another.  For  this  cause  the 
nmbra  of  the  moon  is  not  long  enough  to  reach  the  earth 
during  a  portion  of  each  year. 

It  may  be  interesting  to  note  that  two  rays  of  light 
starting  from  opposite  edges  of  the  sun,  and  meeting  at  a 
point  on  the  earth's  surface,  converge  at  the  rate  of  1  mile 
in  114 ;  bat  if  they  extend  from  opposite  edges  of  the  son 
to  opposite  edges  of  the  earth,  they  converge  at  the  rate  of 
1  mile  in  108.  Of  so  little  importance  is  the  earth's  diam- 
eter when  considering  the  vast  distances  between  the  heav- 
enly bodies,  that  the  earth  may  be  looked  upon  as  a  mere 
point  in  space.  A  young  child  looking  at  the  moon  over 
his  head  thinks  he  may  walk  out  from  under  it,  and  it  ia 
many  years  before  he  really  appreciates  that  on  account  of 
the  moon's  great  distance  from  the  earth,  it  may  appear  to 
be  overhead  at  the  same  moment  to  two  persons  situated 
many  miles  apart. 
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282.  Light  throogh  Small  Apertnrei.— Id  Fig.  fm,  cd 
represents  a  rery  small  hole,  about  one  tenth  of  an  inch,  in 
a  piece  of  cardboard  an  inch  or  two  in  front  of  a  candle 
fifune,  and  a  screen  is  held  a  few  inches  behind  it  An 
inverted  image  of  the  flame  will  appear  upon  the  screen. 
The  reason  for  the  image  being  inverted  and  for  its  be- 
ing more  or  less  indistinct  will  be  seen  from  a  study  of 
the  figure.  Light  from  the  tip  of  the  flame  a  will  fall 
upon  the  screen  at  a!  and  will  cover  an  area  somewhat 
larger  than  the  hole  c  d.  Likewise  a  point,  b,  at  the  base 
of  the  flame,  will  illuminate  that  portion  of  the  screen 
marked  b'.  The  light  which  comes  from  the  single  point 
b  not  only  spreads  over  an  area  considerably  larger  than 
the  hole  e  d,  but  it  is  also  overlapped  by  the  light  from 


Fia.  S02.— Light  tbroogh  small  apertui 


neighboring  points  in  the  flame.  Hence  the  image  is 
more  or  less  indistinct.  When  a  pencil,  or  similar  object, 
is  passed  downward  between  the  flame  and  c  d,  the  shadow 
of  the  pencil  moves  upward  upon  the  screen,  a'nd  vice  versa  ; 
also  when  the  pencil  is  moved  horizontally  in  a  direction 
parallel  to  the  screen  its  shadow  makes  the  reverse  move- 
ment. 

A  Camera  made  from  a  Small  Pasteboard  Box. — A  hole 
scarcely  one  tenth  of  an  inch  broad  is  made  in  the  cover  of 
a  small  pasteboard  box  and  a  window  about  two  inches 
square  is  cut  in  the  bottom  of  the  box ;  over  this  the  thin- 
nest tissue  paper  is  pasted.  A  candle  flame  is  placed  before 
the  small  hole  about  an  inch  and  a  half  distant.    An  in- 


Cooglc 


RAVS  OF  LIGHT  IN  STRAIGHT  LINES  303 

verted  image  of  the  flame  appears  upon  the  tissue-paper 
screen.  This  is  seen  mnch  more  plainly  when  a  dark 
cloth,  Bucfa  as  photographers  use,  is  thrown  OTer  the  head 
to  shut  the  outside  light  from  the  eyes  and  from  the 
screen. 

This  box  represents  a  camera,  and  although  it  has  no 
lens  it  takes  a  very  fair  picture  of  a  landscape  when  a 
sensitire  plate,  such  as  photographers  use,  is  placed  in  the 
bottom  of  tho  box.  This  must  be  done  in  a  dark  room, 
and  a  cloth  must  be  Trapped  around  the  box  to  prevent 
light  from  getting  in  and  spoiling  the  plate  before  one  is 
ready  to  take  the  pictnre.  In  taking  the  picture  the  cloth 
is  removed  from  the  small  hole — not  from  the  rest  of  the 
box — for  a  brief  interval  and  then  replaced,  and  the  plate 
ia  taken  out  of  the  box  in  a  dark  room  and  put  into  the 
developing  solution  which  photographers  use.  Such  a 
pasteboard  box  as  the  sensitive  plates  come  in  serves  well 
for  this  kind  of  a  camera. 

A  Picture  received  through  a  Keyhole. — In  the  evening 
one  may  get  an  inverted  picture  through  a  keyhole  by  going 
into  a  dark  room  and  holding  a  thin  piece  of  paper  a  foot 
or  two  from  the  keyhole  of  the  door,  while  some  one  holds 
a  lighted  lamp  about  the  same  distance  from  the  other  side 
of  the  keyhole. 
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SXTLSCXJOM  or  lAQBT 

383.  Lawt  of  Eeflectioa,— The  angle  which  a  ray  of  light 
makes  with  the  perpendicular  to  a  reflecting  anrface  at  the 
point  where  the  ray  strikes  ia  known  as  the  angU  of  inci- 
dence, (i,  Fig.  303).    After  reflection  the  ray  makes  a  second 


S03.— Law  of  reflection. 


angle  with  the  perpendicular,  known  as  the  angle  ofrefiee- 
Hon,  r.  Two  simple  laws  are  found  to  hold  in  all  oases  of 
reflection  : 

1.  The  angle  of  reflection  is  equal  to  the  angle  of  inci- 
dence. 

2.  The  incident  ray,  the  perpendicular,  and  the  reflected 
ray  are  in  the  same  plane. 

Heat  rays  are  reflected  in  the  same  way.  A  billiard  ball 
sent  against  the  cushion  tends  to  return  according  to  the 
same  law;  other  causes,  however,  operate  to  change  the 
direction  in  this  case. 

284.  Ima^^t  in  Plane  Hirron. — If  such  a  reflected  ray 
enter  the  eye,  it  produces  there  an  image  of  the  point  from 
which  it  has  come,  but  the  image  will  not  seem  to  be  in  the 
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direction  of  the  incident  ray,  bnt  will  appear  back  of  the 
reflecting  surface  as  far  as  the  real  object  is  in  front  of  it, 
and  in  the  direction  of  the  reflected  ray  produced.  Such 
an  image  has,  of  course,  no  real  existence.  All  the  images 
produced    by  plane  mirrors  , 

are  of  this  character.    They  „.< 

are  constmcted  as  follows :  y'/ ! 

Let  AfB  (Fig.  204)  be  the 
snrface  of  a  plane  mirror,  and 
let  a  represent  an  object  in 
front  of  it.  We  may  locate 
the  point  where  we  imagine 
the  image  to  be  aa  follows: 
Consider  any  two  rays  pass- 
ing from  a  to  the  mirror  as 
a  c  and  a  d.  They  will  be 
reflected  in  obedience  to  the  first  law,  the  angle  of  reflec- 
tion, in  both  cases  equaling  the  corresponding  angle  of  in- 
cidence. Producing  the  reflected  rays,  they  are  found  to 
meet  at  e(,  as  far  back  of  the  mirror  as  oc  is  in  front  of  it. 

However  complicated  the  object  may  be,  its  image  is 
found  in  precisely  the  same  way,  practically  by  dropping 
perpendiculars  from  yarious  points  in  an  object  to  the  mir- 
a-  ror,   and   extending 

/"  -•■f'  them  to  the  rear  as 

far  as  the  actual 
points  are  to  the 
-*  front.  Fig.  ■  306 
shows  how  rays  of 
light  will  pass  from 
a  and  h,  the  two  ex- 
tremities of  an  ob- 
ject, to  a  mirror, 
M  R,  and  be  reflact- 


Pto.  SOS.— LacatioQ  of  image. 


ed  from  the  mirror  to  the  eye  of  the  obseryer  at  e,  the 
image  of  the  object  appearing  at  a'  b'.    The  image,  while 
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Flu.  206.— Befloction  by  a 


resembling  the   object  ia   every  other  particular,  is  re- 

Tersed. 

285.  ConoaTe  Kirron— Frinoipal  Foeu  and  Conjugate 

Poet — Let  aob  (Fig.  206)  represent  a  concave  mirror,  and 
let  rays  of  light,  Sa  and  iS4, 
fall  on  its  surface  parallel  to 
the  principal  axis,  do.  If  ^2  be 
the  center  of  curvature  of  the 
mirror,  lines  drawn  from  d  to 
any  point  on  the  surface  of  the 
mirror  will  be  perpendicnlar  at 
that  point.  Hence  an;  ray, 
Sa,  will  be  reflected  to  a  point 
F,  BO  located  that  Sad  equals 
Fa  d.    All  parallel  rays  will  be 

approximately  reflected  to  F,  whichis  called  the  Principal 

Focus  of  the  mirror.     Conversely,  all  rays  originating  at  F 

will  be  reflected  parallel  to  the  principal  axis  d  o. 

RayB  of  sunlight  may  be  considered  parallel.    They  may 

be  collected  at  F,  which  would  thus  be  a  center  of  great 

heat.     This  may  be  shown   experimentally  by  turning  a 

concave  mirror  toward  the  sun  and  finding  F. 

Conjugate  Foci. — A  source  of  light  must  be  infinitely 

distant    to    send   parallel 

rays  to  the  mirror.    Let  us 

consider  a  nearer  source  of 

light,  such  as  a  candle  at  a 

{Fig.  207).     The  rays  are 

divergent,  and  after  reficc- 

tioQ  will  be  gathered  to 

some  point,/,  farther  from 

the  mirror  tlian  the  prin- 
cipal focuB  is.     Conversely, 

rays  originating  at/woyld, 

after  reflection,  be  gathered  at  a.    Points  so  related  as  a  and 

/are  called  Conjugate  Foci,  since  they  are  interchangeable. 


Fio.  207.— Coojugate  fod. 
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S86.  Enlarged  Imogea  formed  in  ConoaTe  lUiron.— In 
Fig.  308,  ab  represents  the  ciirred  mirror,  d  is  the  center 
of  its  cnrve,  the  eye  is  supposed  to  be  at  e,  and  m  n  is  an 
object.  A  ray  of  light  from  m  reaches  the  eye  by  being 
reflected  at  c  bo  as  to  make  the  angle  of  incidence,  mcd, 
equal  to  the  angle  of  reflection,  dee.  And  it  appears  that, 
of  all  the  rays  of  light  which  pass  ont  from  m  and  fall  upon 
the  mirror,  this  U  the  ^  _ 

only   one   vhich    may        „'  ^"-'''. >~-^ 

reach  the  eye.  One 
shonld  convince  him- 
self of  this  fact  by 
drawing  a  series  of  dia- 
grams showing  the 
course  which  various 
rays  from  m  to  the  mir- 
ror will  take  upon  being 
reflected  according  to 
the  law.  The  image  of 
the  point  m  appears  to 
be  behind  the  mirror 
in  the  direction  ec,  but 
the  distance  of  m'  from 
c  is  determined  by  the 
imagination,  which  dif- 
fers with  different  peo- 
ple. In  this  book  m' 
has  been  located  so  that 
m'c  shall  be  equal  to 
m  c,  because  this  seemed  to  be  as  reasonable  as  any  other 
conclusion,  and  it  is  a  convenient  measurement.  Is  like 
manner  the  image  of  each  of  the  points  »,  o,  and  p  will 
appear  behind  the  mirror  at  n',  o',  p',  the  extremities  of 
lines  e&"y  and  ec'  and  ec",  extended  so  that  c'"  n',  do', 
and  c"  p'  shall  be  equal  to  c'"  «,  c'  o,  and  c"  p  respectively. 
The  angles  of  incidence  and  reflection  are  in  every  case 
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equal  to  each  other.  The  imftge  appeare  carved  and  en- 
larged. It  appears  enlarged  both  because  it  seems  to  sub- 
tend a  greater  visual  angle,  and  becauae  it  seems  to  be 
farther  distant  than  the  object ;  it  appears  curved  for  rea- 
sons which  are  given  in  section  390. 

387.  How  aa  Inverted  Ima^  it  formed  in  a  Concave 
Kimn', — In  Fig.  309,  m  n  represents  a  vertical  line  across 
the  face,  e  the  position  of  the  eye,  a  b  the  mirror,  d  the 
center  of  the  curve,  c  and  c'  the  places  upon  the  mirror 
where  the  rays  of  light  from  the  points  m  and  «  respect- 
ively are  reflected  to  the  eye.  Of  all  the  rays  of  light 
which  pass  out  from  m,  the  one  which  meets  the  mirror  at 
c  is  the  only  one  which  can  be  reflected  to  e,  because  it  is 
the  only  one  which  can  make  the  angle  of  incidence,  mcd, 
equal  to  the  angle  of  reflection,  ecd.  Hence  the  image  of 
the  point  m  will  appear  in  the  direction  e  c,  and  that  of  n 
in  the  direction  e  c'.  The  image  m'  w'.  will  therefore  repre- 
sent the  object  turned  end  for  end  or  inverted,  and  the 
image  appears  to  be  located  about  as 
far  behind  the  mirror  as  the  object  is 
in  front  of  the  mirror.  It  does  not 
appear  curved  in  this  case.  For  s  dis- 
cussion on  this  point  see  section  390. 

When  the  mirror  is  near  the  face 
an  upright  image  is  seen,  which  grows 
rapidly  larger  as  the  mirror  is  moved 
farther  away.  The  image  soon  be- 
comes very  indistinct,  some  parts  ap- 
pearing double,  and  then  an  inverted 
image  of  large  size  appears,  which 
grows  smaller  as  the  mirror  continues 
to  move  farther  away. 

The  reason  for  this  will  appear  to 

any  one  who  will  take  the  trouble  to 

draw  a  series  of  diagrams  after  the  plan  of   Fig.  309,  in 

which  the  object  m  n  shall  be  represented  in  various  posi- 
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tions,  Bome  of  vhicb  shall  be  between  tbe  center  d  and  tbe 
mirror.  It  will  be  found  that  direct  images  will  be  pro- 
duced in  all  cases  wbere  e  is  between  d  and  tbe  mirror, 
and  that  inverted  images  are  produced  when  e  is  farther 
from  the  mirror  than  d  is,  and  that  the  nearer  e'xBiod  the 
larger  is  the  image. 

388.  Diminiibed  Imaget  formed  in  a  C(niTez  Xirror. — 
Fig.  210  represents  a  case  where  the  convex  side  of  the 
mirror  is  turned  toward  the  face.  _, 

The  image  always  appears  direct, 
always  smaller  than  the  object, 
and  grows  smaller  as  it  recedes 
from  the  mirror.  The  figure 
represents  the  relation  of  the 
image  to  the  object  for  one  sin- 
gle position.  It  will  be  found 
to  be  InBtructive  -to  make  a 
series    of    diagrams    for   Tarions 

positions  which  the  object  may  f^^  aio—DiminiBhed  linage., 
occupy, 

289.  A  Bilver  Spoon  m  a  Conoave  and  a  ConT«z  Kirror. — 
The  bowl  of  a  bright  silver  spoon  gives  images  that  are 
enlarged  or  diminished  in  some  directions  more  than  others 
— i.  e.,  tbe  image  is  not  a  symmetrical  representation  of  the 
object,  aa  it  always  is  when  a  true  spherical  mirror  is  nsed. 
This  is  due  to  the  fact  that  the  bowl  of  the  spoon  has  a 
curve  of  a  smaller  circle  from  side  to  side  than  from  end  to 
end.  A  little  experimenting  with  a  piece  of  bright  tin  by 
bending  it  more  or  less  while  observing  one's  face  in  it  will 
reveal  the  fact  that  in  the  case  of  convex  mirrors  the  image 
always  grows  smaller  as  the  mirror  becomes  more  convex ; 
but,  in  the  case  of  concave  mirrors,  as  long  as  the  object  is 
farther  from  the  mirror  than  the  center  of  the  curve,  the 
image  grows  smaller  as  the  mirror  becomes  more  concave ; 
if,  however,  the  object  is  situated  between  the  mirror  and 
tbe  center  of  tbe  curve,  the  image  enlarges  as  the  mirror 
81 
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becomes  more  concaTo.  This  latter  cooditioD  ia  never  real- 
ized when  one  observes  his  face  in  the  bowl  of  a  spoon,  i 
eeries  of  drawiags  like  thoee  represented  in  Figs.  209  and 
210,  in  which  the  curve  of  the  arc  a  b  shall  vary,  will  fur- 
nish an  explanation  of  these  phenomena. 

290.  A  Curved  Imaf^e  from  a  Straight  Olgeot— Tb« 
image  of  a  straight  object  appears  curved  in  either  conrei 
or  concave  mirrors  only  when  the  object  is  very  near  to  the 
mirror.  It  would  appear,  referring  to  Fig,  308,  that,  under 
these  conditions,  the  mind  instinctively  conceives  w!  c,  oV, 
j)'c",  and  n' c'"  to  be  respectively  equal  to  mc,  oc',pc", 
and  n  c'",  and  that  it  is  onable  to  recognize  that  relation- 
ship when  the  object  is  more  remote  from  the  mirroi. 
This  may  be  due  to  the  fact  that  when  the  object  is  far 
from  the  mirror  its  image  must  be  looked  at  very  nearly  in 
the  plane  of  its  curve,  if  it  has  one,  and  the  eye  fails  to 
recognize  the  curve,  juat  as  it  can  not  see  the  curve  of  > 
circle  when  looked' at  edgewise. 
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CHAPTER  XSVIII 

MiaCSLLANEOnS  OBSKRVATIOirS  ON  SSrLICTIOlf 

S91.  How  Darli^ht  ii  diffiued. — Every  one  knows  that 
i  reflect  light,  bnt  tew,  if  any,  appreciate  what  a 
tangled  lot  of  reflected  and  re-reflected  rays  we  are  aaing 
continually.  All  things  reflect  light  to  a  greater  or  less 
degree. 

It  ie  easy  to  see  that,  although  the  direct  sunlight  is 
parallel  and  trarels  in  straight  lines,  it  scarcely  travels  far 
after  it  reaches  the  earth  without  meeting  various  objects 
which  reflect  it  in  all  possiUe  directions  and  into  every 
nook  and  comer. 

392.  Haloi  ftbont  Street  Lights  and  the  "  Circle  around 
the  Hoon." — A  beam  of  sunlight  passing  into  a  dark  room 
is  mode  apparent  by  particles  of  dust  which  reflect  the  light 
to  the  eye.  If  one  takes  a  piece  of  glass  and  breathes  upon 
it  to  bedew  it  with  moisture,  and  holds  it  very  neat  ^  the 
eye  while  looking  through  it  at  a  candle  flame,  the  flame 
will  have  the  same  appearance  as  the  street  lights  do  upon 
foggy  nights.  The  small  particles  of  moisture  reflect  light 
as  tiie  pui;icles  of  dust  do.  These,  distributed  everywhere 
in  the  atmosphere,  reflect  the  light  of  the  moon  at  night, 
bat  only  those  occupying  certain  positions  with  reference 
to  the  observer  can  reflect  light  to  his  eye.  This  phenome- 
non may  indicate  the  presence  of  much  moisture  in  the  air, 
bat  that  does  not  always  presage  a  storm. 

293.  "The  Bun  drawing  Water."— The  phenomenon 
which  some  people  call  "  the  sun  drawing  water "  is  pro- 
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dnced  by  particles  of  dnst  or  moiBtnre  in  the  atmosphere 
reflecting  Bttnlight  and  marking  the  path  of  eanbeams 
which  pase  out  from  behind  s  cloud.  These  sunbeams  are 
frequently  seen  in  the  latter  part  of  the  af temoou  shooting 
npward  toward  the  zenith  as  well  as  downward  toward  the 
horizon.  People  who  suppose  they  are  streams  of  water 
can  not  take  the  trouble  to  consider  the  difficulties  which 
might  appear  to  be  counter  to  such  a  supposition. 

294.  Ulnmination  of  Clouds  at  Sunset. — Clouds,  like  the 
moon,  catch  the  sunlight  and  reflect  it  to  us  after  sunset. 
We'  see  them  best  when  the  direct  sunlight  is  shut  ofF  from 
our  eyes  by  the  horizon,  but  is  still  shining  upon  the  clouds, 
just  as  we  see  the  moon  after  the  sun  has  gone  out  of  our 
sight,  but  is  still  shining  upon  it. 

296.  Moonlight  and  the  Fhaaet  of  the  Koon.— We  are 
wholly  unable  to  see  an  object  unless  light  comes  from  that 
particular  object  to  the  eye.  The  moon  is  visible  only  when 
the  sun  shines  upon  it,  and  only  that  portion  of  it  is  visible 
upon  which  the  sun  shines,  excepting  that  the  dark  part 
of  the  new  moon  is  slightly  illuminated  by  light  reflected 
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Fig.  311.— Phasea  of  the  mooD. 

upon  it  from  the  earth,  and  is  somewhat  visible  by  this 
light  being  reflected  back  again  from  the  moon  to  our  eyes. 
Fig.  311  is  intended  to  explain  the  phases  of  the  moon. 
Sunlight  is  supposed  to  come  from  the  right-hand  margin 
of  the  page  in  parallel  lines  and  illuminate  the  right  half 
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of  m',  m",  and  m'",  which  represent  the  moon  in  three  posi- 
tions— in  the  western  horizon,  in  the  zenith,  and  in  the 
eastern  horizon.  E  represents  the  earth,  the  right  half  of 
which  iB  alBo  illuminated  by  stinlight ;  a  represents  the  posi- 
tion of  an  observer  upon  the  earth. 

Suppose  the  observer  looks  at  the  moon  when  it  is  in 
the  position  m' ;  the  earth  meanwhile  is  taming  oyer  in 
the  direction  indicated  by  the  arrow,  carrying  the  observer 
into  the  darkened  portion  where  he  no  longer  sees  the 
direct  sunlight.  The  sun  appears  to  sink  below  the  west- 
em  horizon,  but  the  moon  is  still  a  little  above  the  horlKon, 
and  he  sees  a  little  of  the  side  of  it  which  the  sun  is  shining 
upon,  and  it  appears  crescent-shaped  and  is  called  the  new 
moon.  About  a  week  later,  at  the  same  time  in  the  day, 
when  he  looks  for  the  moon  he  will  find  it  overhead  in  a 
direction  ninety  degrees  from  that  of  the  snn,  and  it  will 
appear  like  a  semicircle.  It  la  then  said  to  be  in  first 
quarter.  In  another  week  at  sunset  he  will  find  the  moon 
upon  the  eastern  horizon  showing  a  complete  circle,  when 
it  is  called  full  moon.  These  appearances  of  the  moon  are 
called  phases  of  the  moon. 

396.  Hot  tite  Dark  Fart  of  the  Hew  Moon  ii  made  Visi- 
ble.— If  we  could  transfer  ourselves  from  the  earth  to  the 
new  moon,  we  should  be  able  to  look  back  upon  the  earth 
as  upon  a  full  moon  four  times  as  broad  as  the  moon  itself 
ever  appeared  to  us  from  the  earth,  and  reflecting  sixteen 
times  as  much  light,  because  its  apparent  area  would  be 
sixteen  times  as  great  as  that  of  a  full  moon.  The  earth, 
then,  shines  so  brightly  upon  the  darkened  side  of  a  new 
moon  that  it  iliuminates  it  sufficiently  to  make  it  visible 
from  the  earth  when  the  atmosphere  is  very  clear.  Clouds 
in  our  atmosphere  might  interfere  with  the  earth's  giving 
so  much  light  to  the  moon  as  stated  above,  and  they  inter- 
fere with  our  receiving  the  light  reflected  back  again  from 
the  moon.  Whenever,  therefore,  we  see  the  dark  portion 
of  the  moon  we  may  remember  that  we  are  receiving  into 
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our  eyes  sunlight  which  has  been  first  reflected  from  the 
earth  to  the  moon  and  then  back  again  from  the  moon  to 
ua.  If  we  could  visit  the  mooD  in  "  first  quarter,"  the  earth 
would  appear  to  us  as  a  larger  moon  in  the  "  first  quarter  " ; 
and  if  we  could  visit  the  full  moon,  the  earth  would  appear 
as  a  very  large  new  moon.  In  neither  of  these  cases  does 
the  earth  reflect  light  enough  to  the  moon  to  make  its  dark 
part  visible  to  the  earth. 

Venus  at  all  times,  as  seen  through  a  telescope,  appears 
like  a  new  moon. 

397.  Why  an  Tnuqiarent  Olgeeta  and  Very  Cktod  Kefleot- 
on  u  nearly  Invisible  ThemielTett — It  seems  probable  that 
if  an  object  could  be  either  perfectly  transparent  or  a  per- 
fect reflector  it  would  be  wholly  invisible.  When  a  bottle 
is  entirely  filled  with  very  clear  water  it  often  appears 
empty.  Window  panes  may  be  so  clear  that  it  is  difficult 
to  tell  whether  they  are  present  or  wanting.  Air  is  invisi- 
ble because  of  its  transparency.  Moreover,  a  mirror  ie  often 
well-nigh  invisible  itself  because  it  is  so  perfect  a  refiector 
of  light.  Most  Substances  reflect  a  part  only  of  the  light 
which  falls  upon  them,  and  transmit  or  absorb  the  rest.  A 
glass  put  over  a  picture  often  transmits  too  little  light  and 
reflects  too  much  to  serve  well  its  purpose.  The  same  is 
frequently  true  of  a  show  window.  It  is  particularly  so  the 
more  obliquely  one  attempts  to  look  through  them.  It  is 
also  a  matter  of  familiar  experience  that,  when  one  attempts 
to  look  through  a  window  from  the  outside,  the  farther  he 
is  from  the  window  the  greater  is  the  proportion  of  reflected 
light,  and  the  nearer  he  is  to  the  window  the  greater  is  the 
proportion  of  transmitted  light. 

Objects  which  are  nearly  invisible,  either  because  they 
are  good  reflectors  or  because  they  transmit  light  well, 
beijome  readily  visible  if  covered  with  dust  or  moisture  or 
are  scratched,  or  if  in  any  way  the  surface  is  made  rough. 
Abrighttinreflectormay  be  scoured  with  sand  or  scratched 
with  a  file  so  that  it  will  no  longer  reflect  an  image.    A 
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glass  mirror  might  be  treated  in  the  same  way.  Trans- 
parent glass,  if  treated  in  this  wsy,  loses  its  transparency 
and  becomes  "  ground  glass."  A  quiet  body  of  water  which 
acts  like  a  mirror  ceases  to  do  so  when  rufSed  by  a  breeze. 


The  accompanying  figures  (213  and  213)  present  an 
explanation  for  this  fact. 

298.  Tiiibilityof  Print  apon  Glazed  and  nnglazed  Paper — 
BrawingB  upon  Eon^h  and  upon  Highly  Polished  Sur&oes,— 
AD  objects  have  a  somewhat  rufQed  surface,  and  it  seems 
probable  that  they  are  themaelvcB  made  risible,  not  by  the 
light  which  they  transmit  or  reflect  from  a'gmooth  surface, 
but  by  the  rayg  which  they  scatter.  Thus,  in  Fig.  212,  the 
rays  of  light  which  meet  the  eye  at  e  from  the  Tarioua 
points  of  the  arrow  abed,  being  reflected  in  regular  order, 
make  the  observer  conscious  of  the  arrow,  but  not  of  the 
mirror ;  on  the  other  hand,  in  the  case  represented  in  Fig. 
213,  a  jumble  of  rays  from  a  great  variety  of  objects  is 
reflected  to  the  eye,  and  the  mind,  not  being  able  to  form 
an  image  of  any  object  beyond  the  mirror,  traces  the  light 
only  so  far  as  the  mirror  itself,  and  is  consciona  of  that 
alone. 

It  is  mnch  easier  to  read  from  a  rongh  page  than  a 
glossy  one.  Drawings  and  paintings  show  much  better 
from  rough  than  from  highly  polished  surfaces.  Polished 
blackboards  would  be  of  little  use.  Shading  a  picture  with 
crayon  is  only  a  matter  of  diffusing  the  light  which  it  will 
reflect. 
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299.  Twilight— Every  one  who  is  at  all  thoughtful 
concerning  natural  phenomena  must  sometimeB  aek  the 
question,  Why,  after  the  son  has  set,  does  light  linger 
so  long  and  darkness  come  so  slowly?  This  period  bo- 
tweeti  day  and  night  we  call  twilight.  It  occurs  in  the 
morning  as  well  as  in  the  evening.  It  lasts  much  longer 
in  summer  than  in  winter.  We  may  properly  consider 
one  of  the  causes  of  twilight  in  this  chapter ;  it  is  reflec- 
tion. In  Fig.  311,  B  represents  the  earth.  Sunlight  comes 
from  the  right-hand  side.  U  U  \a  the  umhra,  a  a  a  is  the 
atmosphere.  The  ratio  of  its  depth  to  the  diameter  of  the 
earth  is  greatly  exaggerated,  however.  The  arrow  shows 
the  direction  in  which  the  earth  rotates.     0  is  the  position 
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of  an  observer  for  whom  the  sun  has  set,  and  he  is  now  in 
the  region  of  twilight.  Clouds  and  innumerable  particles 
of  moisture  and  dust  floating  in  the  atmosphere  above  still 
catch  the  sunlight  and  reflect  it  down  upon  him.  In  the. 
morning  he  will  enter  another  such  region  of  twilight,  rep- 
resented at  the  lower  margin  of  the  figure,  before  he  receives 
the  full  light  of  the  sun. 
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CHAPTEH  XXIX 
BXFSAcnoir  or  uoht 

300.  B«fi«otioii  of  Xight  defined  and  illoatrated. — The 
fact  that  rajB  of  light  are  bent  in  paasiog  through  various 
transparent  Bubatancea  is  illustrated  on  every  hand.  T/i%« 
bending  of  rays  of  light  is  called  refraction.  It  only  requires 
that  one  should  he  fairly  attentive  to  what  he  sees  about 
him  to  become  familiar  with  most  of  the  phenomena  of 
refraction.  At  the  dinner- table  one  may  see  objects  through 
his  tumbler  of  water,  not  only  apparently  displaced,  but 
also  enlarged,  distorted,  and  even  inverted  horizontally. 
The  handle  of  a  teaspoon  in  the  tumbler  of  water  may 
appear  to  be  broken.  A  bubble  or  a  crack  in  a  window 
pane  may  make  an  object  onteide  appear  ^  he  broken,  dis- 
placed, or  distorted.  An  inkstand,  a  paper-weight,  a  bev- 
eled mirror,  or  other  household  articles  may  give  prismatic 
colors. 

When  a  beam  of  light  passes  obliquely  from  one  medium 
to  another  of  different  density,  as  from  air  into  water,  or 
air  into  glass,  it  suffers  refraction.  The  entire  beam  does 
not  enter  the  second  medinm.  A  part  of  it  is  thrown  off 
as  a  reflection.  The  part  that  enters  the  second  medium  is 
not  all  refracted.  A  portion  of  it  is  absorbed  and  appears 
as  heat.  The  portion  that  is  refracted  is  subject  to  definite 
laws,  just  as  the  reflected  part  is. 

Refraction  may  be  conveniently  studied  by  means  of  a 
glass  vessel  with  parallel  sides,  on  which  a  circle  is  painted 
(Fig.  215).     The  vessel  is  filled  with  liquid,  say  water,  up  to 
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the  horizontal  diameter  of  the  circle.  A  lamp  is  placed  at 
L,  ao  that  its  light  will  strike  the  water  at  the  center  of  the 
circle.  If  the  experiment  is  performed  in  a  dark  room,  it 
will  be  plainly  seen  that  where  the  light  strikes  the  water 
its  rays  are  bent  toward  the  perpendicular. 

301.  Index  of  Refiraotion.— The  amount  of  refraction  is 
measured  in  this  way :  ao  and  do  being  made  eqnal,  the 
distance  of  each  of  those  points 
from  the  perpendicular  is  meas- 
ured and  compared : 

flc  A 
This  value  is  called  the  index  of 
refraction.  It  is  found  to  be 
constant  for  any  two  given  me- 
dia, however  much  the  obliquity 
of  the  ray  of  light  may  change 
— i.  e.,  ao  long  as  the  two  media 

remain  air  and  water,  we  may  p^^  bib. -Refraction. 

change  the  direction  of  the  ray 

ao,  and  consequently  the  value  of  ab,  never  so  much,  dc 
will  likewise  change  so  as  to  be  three  fourths  of  a  b. 

The  index  of  refraction  varies  with  different  media. 
For  light  passing  from  air  into  ether  it  is  1.36 ;  into  alco- 
hol, 1,37 ;  into  turpentine,  1,47 ;  into  crown  glass,  1.53 ; 
into  flint  glass,  1.63;  into  carbon  bisulphide,  1,67;  into 
diamond,  2,75. 

It  is  manifest  from  this  that  optical  density  is  not  the 
same  as  ordinary  density ;  for,  although  ether,  alcohol,  and 
turpentine  are  all  lighter  than  water,  they  have  a  larger 
index  of  refraction.  This  is  illustrated  in  Fig.  219.  The 
following  laws  are  found  to  hold  : 

1.  The  incident  ray,  the  perpendicular,  and  the  refracted 
ray  are  in  the  same  plane. 

8.  When  light  passes  from  an  optically  rarer  into  s 
denser  medium  obliquely  to  the  surface,  which  is  between 
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the  two  media,  it  is  bent  toward  the  perpendicular  to  that 
surface;  or,  conversely,  if  it  passes  from  a,  denser  into  a 
rarer  medium,  it  is  bent  away  from  the  perpendicular. 

3.  The  index  of  refraction  is  always  a  constant  value  for 
any  two  given  media,  however  much  the  obliquity  of  the 
ray  may  change. 

303.  CauH  of  Kefraction. — These  facts  are  purely  experi- 
mental, and  therefore  quite  independent  of  any  theory. 
But  we  have  now  to  inquire  why  the  ray  is  bent  a  definite 
amount  if  oblique,  and  is  not  bent  if  perpendicular.     Sup- 
pose a  beam  of  light  with  a  wave  front,  ll\  (Fig.  216),  to  * 
strike  obliquely  against  the  surface  of  water, ««.     It  has 
been  found  by  experiment  that  light  travels  one  third  again 
ae  fast  in  air  as  in  water.     Consequently  the  whole  wave  is 
retarded  in  the  water.     But  all  portions  of  the  wave  front 
do  not  enter  the  water  at  the  same  time.     When  I  reaches 
ss,  I'  is  still  some  distance  away.     If,  now,  I  traveled  as  fast 
ae  V,  the  beam  wonld  pass  into  the  second  medium  without 
any  bending,  as  indicated  in  the  dotted  lines.     But  this  is 
not  the  case ;  while  I'  passes 
to  ss,  I    can   only  go  three 
fourths  as  far — that  is,  to  h 
— and  hence  the  wave  front 
swings   around    to   h  h',   and 
the  beam  itself,  which  must 
always  be  perpendicular  to  the   a 
wave    front,   takes    the  new 
direction  shown,  bent  toward 
the    common    perpendicular.     - 
When    the  beam    is  perpen- 
dicular to  3  s,  the  wave  front  f,q.  2i6.-Eerractioii. 
ir  is  equally  retarded  along 

its  entire  length,  and  consequently  there  is  no  change  of 
direction. 

303.  Talttfl  of  the  Index. — The  numerical  value  of  the 
Index  of  Refraction  is  always  the  ratio  of  the  velocity  of 
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light  in  the  first  medinm  to  the  velocity  in  the  Becond. 
When,  therefore,  light  passes  into  a  medium  of  greater 
density,  the  index  is  always  greater  than  one,  and  the  ray 
JB  bent  toward  the  common  perpendicnlar'.  When  light 
passes  into  a  medium  of  less  density,  the  index  is  always 
less  than  one,  and  the  ray  is  bent  away  from  the  common 
perpendicular. 

When  the  direction  of  a  beam  is  reversed,  the  second 
becomes  the  reciprocal  of  the  first.  Thus,  the  index,  when 
light  passes'  from  air  into  water,  is  | ;  but  when  light  passes 
from  water  into  air,  the  index  is  }. 

304.  Hie  Critiml  Angle.— It  follows  from  all  this  that  a 
ray  of  light  can  always  pass  from  a  rare  into  a  dense  medium. 


Fio.  SIT.— CritiOkl  aogls. 
because  it  ie  bent  toward  the  common  perpendicular;  but 
the  ray  can  not  always  pass  from  a  dense  into  a  rare 
medium,  for  if  the  ray  should  be  bent  away  from  the  com- 
mon perpendicular  more  than  9,0°  it  woujd  fail  altogether 
to  emerge  from  the  denser  medium.  So  ray  of  light  can 
pass  from  water  into  air  if  it  makes  a  greater  anj^e  with 
the  perpendicular  than  46°  35'. 

Dctzscii/Googic 
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Beterring  to  Fig.  317,  let  A  B  represent  the  surface  of 
irater.  A  ray  of  light  starting  from  a  will  be  bent  eo  as  to 
reach  a',  likeviee  those  which  start  from  b  and  c  will  reach 
V  and  if  respectiTely,  hut  one  which  starts  from  d  would  be 
bent  BO  as  to  pass  along  the  surface  through  B,  and  one 
which  starts  from  i  would  be  bent  so  as  to  .return  beneatn 
the  surface  of  the  water  to  f '. 

305.  Total  Sefleotion.— We  may  well  be  interested  to 
inquire  what  becomes  of  rays  which  make  greater  incident 
angles  than  the  critical  angle,  and  which  consequently  can 
not  emerge. 

They  are  reflected,  and  since  the  reflection  is  complete, 
it  is  called  total  reflection.  Could  we  stand  at  the  bottom  of 
apoolof  Clearwater  and  look  upward,  we  should  see  objects 
on  the  surface  of  the  water  within  a  cone  which  had  ottr 
eye  for  its  apes,  and  whose  elements  made  an  angle  of  48° 
35'  with  its  axis.  Beyond  the  circular  base  of  this  cone  we 
should  see  a  perfect  mirror,  which  would  reflect  objects 
lying  on  the  bottom  of  the  pool.  The  same  effect  on  a 
small  scale  may  be  seen  when  we  look  at  the  underside  of 
the  surface  of  water  in  a  clear  tumbler,  provided  the  angle 
of  vision  be  greater  than  the  critical  angle.  The  surface 
appears  like  a  burnished  mirror.  A  silver  spoon  or  a  bright 
coin  win  give  a  brilliant  image.  For  the  same  reason,  water 
in  a  test-tube  seems  covered  with  a  film  of  silver  when 
looked  at  from  below. 

306.  Applieationi. — Befraction  is  the  source  of  many  illn- 
sions.  Bent  rays  of  light  make  objects  appear  where  they 
are  not.  The  enn,  moon,  and  stars,  when  near  the  horizon, 
are  elevated  about  half  a  degree  by  the  refraction  of  the 
earth's  atmosphere.  This  is  equal  to  the  apparent  diam- 
eters of  the  sun  and  moon.  Sticks  and  other  objects  partly 
immersed  in  water  appear  bent  at  the  surface  (see  Fig.  218). 
Clear  water  appears  less  deep  than  it  really  is.  The  hot  air 
over  the  surface  of  a  desert  bends  the  rays  of  light  and 
produces  the  mirage,  the  appearance  of  reflection  in  water. 
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Precioua  stones  owe  their  brilliancy  to  higt  refractive 
power,  and  conseqaently  to  total  reflectiona  from  the  facets 
on  the  other  aide.  The  critical  angle  for  the  diamond  is 
23°  63'.  All  the  light  that  passes  into  the  diamond,  and 
strikes  any  of  the  facets  at  angles  greater  than  this,  suffers 


Flo.  21S.— Infraction.  Fio.  £19. 

total  reflection  within  the  stone,  and  finally  emerges  in  pen- 
.  cils  of  light,  which  produce  the  magnificent  fire  and  sparkle 
of  the  gem.  Many  of  the  rays  of  light  are  so  refracted  as 
to  prodnce  prismatic  colors.  The  diamond  owes  all  its 
brilliancy  to  the  cutting,  for  in  its  natural  state  it  is  dnll. 

Our  heaviest  flint  glass  has  a  critical  angle  of  36°  37'. 
Artificial  diamonds  made  of  this  material  must,  therefore, 
have  much  less  brilliancy  than  the  real  stone.  If  we  could 
make  a  glass  as  transparent  as  the  diamond,  and  having  an 
equally  high  refractive  index,  we  should  have  an  equally 
brilliant  gem. 

Refraciioa  of  light  enables  vs  to  see  colorless  and  trans- 
parent fiuids.  Fig.  219  represents  a  bottle  which  contains 
three  colorless  and  transparent  liquids.  They  remain  sepa- 
rate from  one  another  as  oil  and  water  do.  Carbon  bisul- 
phide is  at  the  bottom,  upon  this  floats  the  water,  and  upon 
the  water  floats  the  turpentine.  A  straight  line  is  drawn 
vertically  upon  the  back  face  of  the  bottle,  and  this,  as  seen 
through  the  liquid  obliquely,  appears  as  a  broken  line,  by 
reason  of  the  differing  powers  of  refraction  of  the  liquids. 
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The  fact  that  we  may  distinguiBh  between  these  varioas 
liquids  is  due  to  the  variation  in  their  refracting  power. 
Air  refracts  light,  and  cold  air  more  than  warm  air.  This 
ia  the  reason  why  we  can  see  hot  air  rising  aboye  a  stove. 
Small  currents  of  warm  air  pass  up  through  the  cold  air, 
and  rays  of  light  coming  from  objects  seen  through  these 
currents  of  sir  are  made  to  quiver  by  reason  of  rapid 
changes  in  their  refraction.  Something  similar  appears 
when  one  of  the  liquids  mentioned  above  ia  poured  in  a 
small  stream  into  another  in  the  bottle.  It  is  well  shown 
by  pouring  glycerin  iuto  water. 

Befraction  enables  us  to  see  the  sun  two  minutes  after 
it  has  set  and  two  minutes  before  it  rises,  hence  it  has  the 
effect  of  lengthening  the  day  four  minutes.  Reflection,  by 
producing  twilight,  lengthens  the  day  several  hours.  We 
may  aee  the  sun  ten  minutes  after  it  has  set,  on  account  of 
both  refraction  and  the  velocity  of  light,  but  on  the  same 
accoont  we  do  not  aee  it  until  Biz  minutea  after  it  has  risen. . 


A  body  of  clear  water,  which  when  calm  may  reveal 
objects  at  great  depths,  Vill  not  do  bo  when  the  surface  is 
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disturbed  by  a  breeze.  This  is  doe  to  refraction,  aa  will  be 
seen  from  Figs.  230  and  331.  In  Fig.  230  each  point  in 
the  object  abed  under  water  sends  its  light  in  regular 
order  to  the  eye,  e,  held  above  the  water,  bat  in  Fig.  221 
these  rays  are  so  bent  as  to  give  a  confused  image. 

307.  Refraction  in  Prisms. — The  path  of  a  ray  of  light  in 
passing  through  a  prism  is  illustrated  in  Fig.  %%%.    Suppose 

BE  to  be  an  incident  ray 
upon  the  face   of   a  glass 
prism.    After  refraction  the 
ray  will  take  the  direction 
EJ,  being  bent  toward  the 
perpendicnlar  at  E,  and  will 
suffer  a  second   refraction 
at  /.     Here  the  ray  is  pass- 
Fro.  222.— EefracHon  by  a  prism.       ing  into  a  leas   dense  me- 
dium, and  must  cousequeut- 
ly  be  bent  away  from  the  perpendicular,  and  must  take 
some  such  direction  as  IS.     From  the  nature  of  the  case, 
the  ray  is  always  bent  toward  the  base  of  the  prism — that 
is,  toward  the  thicker  part. 

308.  Enlarged  Images  prodnced  by  Refraction.— A  cross- 
section  of  a  prism  is  represented  in  Fig.  233 ;  m  n  repre- 
sents an  object,  and  e  the 
position  of  the  eye.  The 
object  appears  to  be  en- 
larged to  the  size  of  tii  n', 
which  may  be  measured 
and  perhaps  found  to  be 
half  as  large  again.  The 
ratio  of  the  size  of  the  image  to  the  size  of  the  object 
is  expressed  thus : 

m'  n'  _  15  mm.  _ 
mn  "~  10  mm. 

309.  Different  Kinds  of  Lenses  and  the  Way  they  refract 
Light.— If  the  prism  mentioned  above  were  slightly  modi- 
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fied  in  shape  so  that  its  croBs-aection  wonld  look  like  Fig. 
234,  b,  we  should  call  it  s  lem,  and,  since  one  of  its  surfaceB 


FiQ.  224.— TTplcal  lenses. 


is  plane,  while  the  other  ia  conTei,  it  would  be  called  a 
plano-convex  lens ;  If  the  plane  surface  were  made  convex 
also,  it  would  be  called  a  doublo^onvex  lens  (a) ;  if  one  sur- 
face were  plane  while  the  other  were  concave,  as  repre- 
sented at  e,  it  would  be  a  plano-concave  lens ;  and  if  both 
surfaces  were  concave,  it  would  be  called  a  double-concave 
lens  (d). 

After  what  has  been  said,  it  is  a  simple  matter  to  under- 
stand how  rays  of  light  will  be  bent  in  passing  through 
these  lensea.  The  principle  to  be  borne  in  mind  is  that 
when  a  ray  passes  from  air  into  glass  it  is  bent  toward  the 
perpendicular,  and  when  it  passes  from  glass  into  air  it  is 
bent  away  from  the  perpendicular.  It  is  evident  that  the 
lens  represented  at  e,  for  example,  makes  the  image  appear 
smaller  than  the  object,  and  that  the  lens  at  a  has  the 
greatest  magnifying  power. 

310.  XuTerted  Images  produced  by  Refiaetion. — In  Fig. 
%%5,  a  b  represents  a  lenB,  m  n  represents  an  object,  and 
nae  and  mbe  are  lines  of  light  which  pass  from  the  ex- 
tremitiee  of  the  object  through  the  lene  to  the  eye,  which 
is  supposed  to  be  situated  at  e.  The  image  m'  n'  appears 
to  be  inverted.  The  reason  for  this  is  not  hard  to  find. 
Bays  of  light  pass  out  from  the  point  m  in  all  directions. 
One  ray  takes  the  direction  of  the  line  mbe.    The  mind 
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B  that  it  seea  m  in  the  straight  line  eb&t  m'.  For 
the  same  reason  the  image  of  n  appears  at^i' — i>  e.,  the  image 
of  the  arrow  appears  to  point  in  the  opposite  direction  from 
the  way  the  arrow  itself  points.  None  of  the  rays  of  light 
which  start  from  the  points  tn  and  n  and  fall  npon  the  lena 


Fig.  228.— Enlarged  and  ioTerted  image, 
can  reach  the  eye  except  those  which  pass  throngh  h  and  a, 
as  represented ;  aII  others  will  he  bent,  according  to  the  law 
of  refraction,  so  as  to  pass  one  side  or  the  other  of  the  eye. 

311.  The  Path  of  Bayi  of  Light  exhibited  hy  Cnjim- 
dnit — Heanring  the  Fooal  Diitance  ot  s  Leu. — When  the 
lens  is  held  In  sunlight  and  plenty  of  dost  is  made  to 
float  in  the  air  around  it,  by  beating  blackboard  erasers  or 
dusty  clothing  near  it,  the  rays  of  light  are  easily  traced 
by  means  of  these  reflecting  particles,  and  they  are  seen  to 
meet  and  cross,  forming  two  cooes  of  light  as  represented 
in  Fig,  326,  The  points  where  the  apices  of  the  cones 
meet  is  the  principal  focus,  and  its  distance  from  the  lens 
may  be  measured. 

These  cones  of  light  may  be  traced  by  using  a  screen, 
When  the  screen  is  bronght  against  the  face  of  the  lens,  the 
circle  of  light  upon  it  is  about  the  size  of  the  lens.     If  the 
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screen  is  placed  halfway  between  the  lens  and  the  focus, 
the  circle  of  light  has  about  half  the  diameter  of  the  lens ; 
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its  area  is  therefore  one  quarter  as  great  as  in  the  first  posi- 
tion, and  the  intensity  of  its  light  four  times  as  great. 
When  it  is  placed  one  \qaarter  of  the  distance  from  the 
focus  to  the  lens  its  circle  of  light  is  one  quarter  as  broad 
and  its  area  one  sixteenth  as  great  and  the  intensity  of  its 
light  sixteen  times  as  great  ae  at  the  first  position.  At  the 
focus  it  is  a  point  of  light  of  dazzling  brightness,  the  heat 
of  vhich  is  snfiicient  to  bum  a  hole  in  paper  when  the 
experiment  is  tried  in  the  brightest  sunlight.  The  focal 
distance  can  be  readily  measured  by  placing  the  screen 
vhere  the  croBs-section  of  the  cone  of  light  is  nearest  to  a 
point  and  measuring  the  distance  from  the  lene  to  the 
screen. 

313.  Fictnna  flDrmed  at  the  Foeu  of  a  Taox — When  a 
lens  is  held  before  a  screen  at  its  focal  distance,  an  inverted 
picture  of  distant  objects  is  formed  upon  the  screen.  The 
objects  in  this  case  are  so  far  away  that  rays  of  light  from 
them  are  nearly  parallel.  When  objects  are  brought  nearer 
to  the  lens  the  screen  must  be  moved  farther  away  from 
the  lens  in  order  to  receive  the  pictnre.  A  candle  flame 
is  a  good  object  to  experiment  with,  because  it  furnishes 
.brighter  rays  of  light  than  are  reflected  from  objects  in 
general.  When  the  screen  is  placed  so  that  a  picture  of 
the  candle  is  formed  upon  it  by  the  lens,  the  candle  and 
screen  occupy  the  positions  of  one  pair  of  conjugate  foci. 
If  either  one  of  these  is  brought  nearer  to  the  lens,  it  is 
found  necessary  to  remove  the  other  farther  away,  and 
vice  versa.  When  a  photographer  takes  a  picture  of  a 
person  sitting  very  near  his  instrument,  he  draws  out  the 
camera  so  as  to  move  the  plate  which  is  to  receive  the 
picture  farther  away  from  the  lens ;  and  when  the  person 
sits  farther  from  the  instrument,  the  operator  moves  the 
plate  nearer  to  the  lens  by  contracting  his  camera. 

313.  To  illnitnte  how  a  Lent  fomu  a  Picture. — It  may 
be  easy  to  see  how  a  lens  magnifies  and  inverts,  but  why 
should  it  form  a  picture  at  all  P 
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If  an  object  were  placed  before  a  screen  without  a  lens 
between  them,  light  would  be  reflected  from  every  point 
on  the  object  to  every  point  on  the  screen,  so  that  each 
point  on  the  screen  would  receive  an  equal  amount  of 
light  from  each  and  all  points  of  the  object.  In  order  to 
have  a  picture  formed,  each  point  of  the  object  must  send 
its  light  to  one,  and  only  one,  point  on  the  screen.  This  la 
brought  about  by  the  lens,  as  will  be  seen  by  reference  to 
Fig.  237.     AH  the  rays  of  light-  which  pass  out  from  the 


Flo.  2»7.— Conjugate  foci. 

point  m  and  fall  upon  the  lens  are  collected  at  the  point 
m'.  This  is  one  pair  of  conjugate  foci.  In  the  same  way 
all  the  rays  which  pass  from  n  to  the  lens  are  collected  at 
n',  and  these  form  another  pair  of  conjugate  focj.  But 
when  the  screen  is  placed  in  focus  tor  the  light  from  m 
and  n  it  is  found  to  be  out  of  focus  for  light  from  the 
points  0  and  p,  whose  conjugate  foci  are  found  to  be 
farther  away  from  the  lens  than  m'  and  n'  are,  because 
the  points  o  and  p  are  nearer  the  lens  than  m  and  n  a^e. 
This  consideration  is  important  only  when  the  object  is 
near  to  the  lens,  for  only  then  would  the  difference  be- 
tween the  distance  of  m  And  o  from  the  lens  be  appreci- 
able. If,  however,  a  photographer  should  attempt  to  take 
a  picture  of  a  group  of  persona  formed  in  a  straight  line 
having  his  camera  near  the  group,  the  individuals  at  the 
extremities  of  the  group  conld  not  be  in  focus  at  the  same 
time  with  those  in  the  center. 

314.  Katerial  of  Lenns. — The  lenses  used  for  optical 
purposes  are  made  of  flint  glass.  This  is  a  double  silicate 
of  potash  and  lead.    The  lead  makes  the  glass  much  more 
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dense,  and  givea  it,  conseqaeutly,  a  greater  refractive  index. 
For  the  same  reason  flint  glaas  is  used  for  tlie  out  glass  of 
tableware  and  toilet  articles.  Their  out  facets  have  a  very 
brilliant  effect  on  account  of  refraction. 

316.  Familiar  niurtratloni  of  LenMi. — Very  many  objects 
act  as  lenses.  When  the  eye  is  held  near  to  a  drop  of 
water  upon  a  window  pane,  an  inverted  picture  of  the  out- 
side world  is  seen.  If  the  sun  ia  shining  through  it,  a 
piece  of  paper  held  near  it  will  show  that  the  rays  are  made 
to  converge  to  a  point  Fish  globes,  and  the  globes  used  in 
drug-store  windows,  give  magnified  and  inverted  pictures. 
The  neck  of  a  small  bottle  magnifies  eo  that  if  the  bottle  is 
filled  to  the  neck  with  water  containing  microscopic  objects, 
many  of  them  may  be  seen.  The  animals  which  are  nsn* 
ally  found  in  vinegar  may  be  easily  seen  if  the  vinegar 
cruse  is  filled  to  the  neck. 

316.  The  Simple  Hicrowope, — A  microscope  is  an  instru- 
ment for  enabling  us  to  see  very  small  objects  by  producing 
magnified  images  of  them.  The  simple  microscope  is  usu- 
^ly  a  double-convex  lens,  and  in  use  is  so  plac^  that  the 
object  to  be  viewed  is  back  of  the  lens  at  a  distance  less 
than  the  focal  length.  Under  these  conditions  we  have  a 
magnified  and  erect  image.  The  construction  of  the  image 
ia  of  course  purely  imaginary.  It  has  no  real  exietence. 
But  the  imagination  has  the  power  of  constructing  such  an 
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image,  just  as  it  has  the  power  of  constructing  images  back 
of  a  looking-glass.  The  rays  that  come  from  the  object 
are  bent  by  the  lens,  as  shown  in  Fig.  838,  and  enter  the 
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eye  at  a  wider  angle  tiian  the  direct  rsye  woold.  Thie 
angle,  known  as  the  rlBoal  angle,  determines  the  apparent 
size  of  objects.  The  simple  microBcope  iucreaaea  this  angle, 
and  consequently  makes  the  object  seem  larger. 

317.  Compmuid  Mioroieope. — In  its  simplest  form  the 
componnd  microscope  consists  of  two  lenses,  the  objective 
e  d,  and  the  eyepieces  a  b  (Fig.  229).     The  two  are  mounted 


FlQ.  2S9,— Compound  microscope. 

in  a  tube  on  a  suitable  stand.  In  this  way  we  have  a 
doable  magnification,  and  the  power  of  a  compound  micro- 
scope is  equal  to  the  product  of  the  magnifying  powers 
of  the  objective  and  the  eyepiece.     The  image  is  inverted. 

In  practice  the  compound  microscope  is  very,  compli- 
cated in  its  coustruction.  Both  eyepiece  and  objective  are 
themselves  compound.  In  addition  there  are  various  ac- 
ceesorieB  for  biological,  mineralogical,  and  technical  work 
that  make  the  instrument  quite  an  elaborate  piece  of  mech- 
anism. 

318.  The  Teleicope  is  an  instrument  for  viewing  objects 
from  afar.  There  are  two  classes — the  reflecting  and  the 
refracting.  The  latter  are  of  the  greater  importance,  but 
the  former  have  played  a  historic '  part  in  astronomy,  and 
are  etill  doing  good  service  in  both  England  and  France. 
The  refracting  telescope  is,  in  its  elements,  very  similar  to 
the  compound  microscope.  It  consists  of  an  objective  and 
eyepiece. 

In  astronomical  telescopes  it  is  desirable  that  the  objec- 
tive should  be  as  large  as  possible  in  order  to  include  much 
light.     The  mechanical  difficulties  in  the  way  of  producing 
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large  refractors  are  very  great,  bnt  thej  have  been  snccess- 
fnlly  oTercome.  The  construction  of  such  an  instrament 
involves  the  combined  skill  of  several  Datione.  The  glass 
is  usaally  cast  in  France.  Moat  of  the  large  lenses,  so  far, 
have  been  gronnd  by  the  Clark  Brothers,  in  Cambridge, 
Mass.  The  mountings  and  requisite  machinery  are  made 
where  most  convenieat.  The  largest  lens  yet  made  is  the 
giant  objective  cast  and  groand  in  France  and  now  at  the 
Paris  Exposition  (1900) ;  it  is  50  inches  in  diameter.  Xext 
to  this  comes  that  of  the  University  of  Chicago,  and  is 
located  at  Lake  (leneva,  Wis. ;  it  is  40  inches  in  diameter. 
Next  to  this  comes  that  of  the  Lick  Observatory,  in  Cali- 
fornia— 91  centimetres,  or  36.83  inches,  in  diameter. 

319.  The  Human  Eye. — Most  wonderful  of  all  optical 
instruments  is  the  human  eye,  and  also  the  most  imper- 
fect.    Looking  at  the  eye,  what  we  see  first  is  the  trans- 
parent, bulging  cornea,  which  is  a  modification  of  the  outer 
coat  of  the  whole  ejeball, 
"  the  white  of  the  eye,"  or 
the    sclerotic    coat    (Fig. 
230). 

Immediately  back  of 
the  cornea  there  is  a  cav- 
ity filled  with  a  liquid 
known  as  the  aqueous,  hu- 
mor. Back  of  this  cavity 
there  is  a  mnscnlar  screen, 

the  iris,  which  is  annular  fig.  230.-Se«tion  of  the  human  eye. 
in  form,  and  gives  color  to 

the  eye.  The  opening  in  the  iris  is  known  as  the  pupil. 
Under  the  influence  of  strong  light  the  iris  contracts,  and 
the  pupil  becomes  very  small,  so  as  to  shut  out  as  much 
light  as  necessary.  In  the  dark,  or  in  subdued  light,  the 
muscles  relax  and  the  pupils  become  larger.  Directly  back 
of  the  iris  is  the  crystalline  lens.  It  is  transparent,  and 
tough  and  elastic.    The  interior  of  the  eyeball  is  filled  with 
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a  jellylike  aubstance,  the  ritreooB  hamor.  The  innermost 
lining  of  the  eyeball  is  the  retina,  formed  by  an  exteoeion 
of  the  optic  nerve  leading  directly  to  the  brain.  Between 
the  retina  and  the  sclerotic  coat  is  a  blabk  pigment,  the 
choroid  coat. 

In  its  operation  the  eye  is  qaite  aimilar  to  a  photo- 
graphic camera.  The  crystalline  lens  is  doable  couTex, 
and  forms  an  inverted  image  on  the  retina.  The  retina 
may  be  compared  to  the  Beneitive  plate  of  the  photographic 
camera,  and  the  pupil,  or  opening  in  the  irie,  which  serves 
to  admit  more  or  less  light,  may  be  compared  to  the  dia- 
phragms, or  stops,  used  for  the  same  purpose  in  the  cam- 
era. So  far  it  is  very  simple  and  well  nnderstood.  Bat 
onr  explanation  ends  here.  As  a  physical  fact,  the  image 
on  the  retina  means  simply  light-waves  of  varying  wave 
length  and  intensity,  and  these  have  varying  effects  upon 
the  nerves  of  the  retina.  All  these  complex  impulses  pass  by 
means  of  the  optic  nerve  to  the  brain,  and  it  is  in  the  brain 
that  we  see.  But  how  these  nerve  impulses  get  translated 
into  a  mental  impression  we  are  quite  at  a  loss  to  explain. 
We  have  said  that  the  human  eye  is  one  of  the  most 
imperfect  of  optical  InstrumentB.  Few  persons  have  per- 
fect eyes. 

Cataract  is  caused  by  the  crystalline  lens  becoming 
opaque,  and  therefore  ceasing  to  transmit  distinct  rays. 
Operations  are  sometimes  saccesafully  carried  out  by 
which  the  lens  la  removed  altogether  and  sight  restored, 
the  humors  in  this  case  acting  as  the  sole  refracting  me- 
dium. 

The  common  defects  of  vision,  such  as  short-  and  long- 
sightednesB  and  astigmatism,  result  from  structural  de- 
fects. Clear  vision  requires  that  a  distinct  image  shall  be 
formed  on  the  retina.  As  the  object,  the  crystalline  lens, 
and  the  retina  are  fixed  in  position,  the  focusing  can  only 
be  brought  about  by  a  change  in  the  curvature  of  the  lens. 
This  is  a  matter  of  muscular  contraction,  and  iii  normal 
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eyes  is  done  so  qaicklj  and  Dnconscionslj  that  we  pass 
from  the  contemplation  t^f  distant  to  near  objects,  and  vice 
versa,  without  the  least  difBculty.  Near-sightednesa  results 
from  too  great  curratnre  of  the  lens,  so  that  it  forms 
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images  in  front  of  the  retina.  It  is  remedied  by  the  use 
of  glasses  which  cause  rays  of  light  to  diverge  (Fig.  231). 
Far-sightedness,  on  the  contrary,  results  from  too  little 
carrature  of  the  lens,  so  that  images  form  back  of  the  ret> 
ina.  It  must  be  remedied  by  glaaaea  which  cause  rays  of 
light  to  converge  (Fig.  232).  It  is  a  uniyersal  defect  of  old 
age.  Astigmatism  means  an  irregular  curratare  of  the 
cornea,  by  which  the  eye  is  never  in  focus  for  all  objects 
in  the  field  of  vision,  even  at  the  same  distaace.  It  is 
remedied  by  special  lenses  combining  spherical  and  cylindri- 


Fio.  232.— Doable-coDTei  glue  for  &r-Bight«dneBB. 

cal  surfaces.  Few  people  have  eyes  that  are  perfectly  adapt- 
ed for  parallel  vision.  The  muscular  effect  necessary  to 
bring  them  to  parallel  is  a  most  frequent  cause  of  headaches. 
320.  The  BpecrtnuL— We  have  seen  that  the  index  of 
refraction  is  in  reality  the  ratio  of  the  velocity  of  light  in 
the  first  medium  to  the  velocity  in  the  second  medium,  and 
we  have  assumed  that  we  had  to  deal  with  homogeneona 
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rays — that  ia,  raya  of  anif  orm  wave  length.  But  white  light 
is  heterogeneous,  coQBisting  of  ware  lengths  varying  from 
.0001  millimetres  in  the  violet,  to  .0007  millimetres  in  the 
red.  These  different  raye  are  found  to  have  different  in- 
dices of  refraction,  and  to  suffer  unequal  bending  on  pass- 
ing into  a  second  medium.  In  consequence,  the  various 
colored  rays  which,  taken  together,  make  a  beam  of  white 
light,  on  passing  through  a  prism  are  separated,  so  that  the 
violet  rays  are  on  one  aide  and  the  red  ^ys  on  the  other. 
If  they  be  allowed  to  fall  on  a  screen,  we  have  the  fine  suc- 
11  of  rainbow  colors  known  as  the  spectrum  (Fig.  333). 


Fto.  233.— The  ipectnim. 


Newton,  in  1676,  was  the  first  to  explain  the  matter.  He 
diBtinguished  seven  primary  colors,  and  named  them  violet, 
indigo,  blue,  green,  yellow,  orange,  and  red.  It  will  be 
noticed,  in  looking  at  the  spectrum  on  the  screen,  that  the 
violet  has  been  turned  out  of  its  path  the  most,  and  the-^ 
red  the  least.  The  shorter  violet  waves  are  more  retarded 
than  the  longer  red  waves  in  passing  through  the  glass. 

A  single  prism  will  give  a  spectrum,  but  the  effect  will 
be  magnified  by  combining  a  succession  of  prisms,  and  so 
increasing  the  total  dispersive  power.  The  train  of  prisms 
may  be  arranged  in  a  circle,  so  that  the  beam  of  light  con- 
stantly changes  its  direction  and  constantly  widens  (Fig. 
334).  On  the  other  hand,  prisms  may  be  combined  in  pairs, 
so  as  to  neutralize  one  another  (Fig.  335). 
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There  seems  to  be  no  limit  to  the  possible  length  of 
ether  waves.  To  produce  an;  effect  npon  as,  however, 
they  must  fall  within 
very  well-defined  limits. 
The  longest  ether  waves 
apparently  have  no  ef- 
fect. As  they  shorten 
they  manifest  tbom- 
selves  as  heat ;  as  they 
grow  Btill  shorter  they 
become  visible  as  light, 
then  as  a  scarce  of  chem- 
ical activity,  and  finally 
they  again  pass  beyond 
the  range  of  our  sensa- 
tions. We  perceive  only 
a  small  part  of  the  possi- 
ble waves.  ^  P,Q   2M.-A  triin  of  prinns. 

Color. — We  should  ex- 
pect these  varying  lengths  of  wave  to  affect  ns  differently, 
just  as  the  different  pitch  in  musical  not^s,  which  is  due 
to  difference  in  length  of  air  waves,  and  such,  indeed,  is 
the  case.     Color  is  the  name  given  to  this  difference  of 


no.  236.— A  pur  of  priEms. 

sensation,  and  depends  wholly  npon  wave  length.     Ordi- 
nary sunlight  contains  waves  of  all  lengths  within  the  range 
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of  vision  and  is  dlBtinguished  as  white  light.  The  range 
of  viBioD  lies  between  .0007  millimetres  in  the  red  and  .0004 
millimetres  in  the  violet.  The  following  table  shows  the 
wave  length  corresponding  to  the  different  colors : 

Wave  Length.  Wave  Leofftb. 

Bed .0007    mm.  I  Green  00058  ram. 

Orange 0006   mm.   Blue 00017  mm. 

Yellow 00056  mm.    Violet .000*    mm. 


331.  The  Inriaible  Speotnun.— At  both  ends  of  the  spec- 
tmm  we  have  a  dark  region,  quite  invisible  to  the  eye,  but 
manifesting  itself  by  its  effects.  Beyond  the  visible  red 
we  have  a  region  of  dark  heat  rays,  which  manifest  them- 
selves if  a  delicate  thermometer,  such  as  a  thermopile  (see 
!}71),  be  placed  in  their  path.  We  call  this  the  heat  end 
of  the  spectrum,  and  the  colors  at  that  end  are  soilietimes 
referred  to  as  warm  colors.  Beyond  the  visible  violet  we 
have  another  dark  region,  that  of  the  so-called  actinic  rays, 
which  have  the  power  of  bringing  about  chemical  reactions, 
such  as  decomposing  the  sensitive  silver  salts  used  on  photo- 
graphic paper,  and  of  making  certain  fluorescent  sabstances 
— such  as  fluor  spar,  quinine,  and  platino-cyanide  of  barium 
— visible  in  the  dark. 

The  invisible  spectrum  has  a  far  greater  range  than  the 
visible.  In  musical  terms  we  might  say  that  the  visible 
spectrum  covers  about  one  octave.  The  heat  spectrum 
extends  for  jive  octaves  below  the  red,  and  the  actinic  or 
chemical  spectrum  for  two  octaves  above  the  violet. 

We  can  easily  imagine  that  the  world  would  appear  very 
different  if  our  eyes  were  different  in  their  power  to  per- 
ceive ether  waves. 

3S3.  Complementary  Colors. — To  produce  white  light  it 
is  not  neqessary  to  have  waves  of  all  lengths  present.  It 
is  found,  indeed,  that  two  colors,  if  properly  chosen,  will 
suffice.  As  these  extinguish  each  other,  they  are  called 
complementary  colors.     Thus,  red  and  greenish-blue,  orange 
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and  PmBsian  blue,  yellow  ftnd  nltramariDe,  greeD-yellov 
and  purple  produce  white  light  when  taken  in  pairs. 
There  appear  to  be  three  primary  color  eensations — red, 
green  (slightly  yellowish),  and  violet  (blaish) — and  when 
these  are  all  excited  at  the  same  moment,  the  result  is  the 
sensation  of  white.  No  two  of  these  primary  colors  can  be 
complementary,  for  the  third  sensation  wonld  he  lacking. 
Bnt  any  one  of  the  three  is  the  complementary  color  of  the 
resnlt  of  the  other  two.  Taking  the  pairs  of  colore  men- 
tioned above,  this  principle  will  be  foond  to  apply.  Thns, 
greenish-bine  contains  both  green  and  riolet,  and  ia  there- 
fore complementary  to  red ;  purple,  containing  both  red 
and  violet,  ia  complementary  to  green-yellow,  etc. 

The  phenomena  of  color  are  very  fascinating  and  almost 
unending.  In  reality  no  objects  are,  properly  speaking, 
colored.  The  sky  ia  not  blue,  the  grass  ia  not  green,  the 
rose  ia  not  red.  They  appear  so  to  us  becanse  of  their) 
effect  on  white  light.  The  color  ascribed  to  them  ia  the 
color  they  reject.  A  bit  of  red  glass  is  one  that  absorbs 
the  complementary  color,  greenish-blue,  and  allows  the  red 
light  to  pass  through,  or  else  reflect  it  to  na.  If  such  a 
piece  of  glass  be  pat  into  the  fire,  the  red  color  remains 
so  long  aa  the  glass  is  cooler  than  the  fire — that  is,  so 
long  as  it  is  absorbing  green.  The  color  disappears  when 
the  glass  has  the  same  temperature  as  the  source  of  heat 
hack  of  itj  for  then  the  radiation  emitted  and  absorbed  jnat 
balance  each  other,  If  the  glass  be  the  hotter,  it  appears 
blue-green,  for  it  is  emitting  more  radiation  than  it  is  ab- 
sorbing. In  general,  we  may  say  that  substances  emit  radia- 
tions of  the  same  wave  length  that  they  absorb. 

The  Color  Wheel. — The  blending  of  several  colors  into 
one  impreasion  may  he  capitally  shown  by  means  of  a  rotate 
ing  wheel  or  colof-whirler  (Fig.  236).  Disks  of  colored 
cardboard  may  be  attached  and  made  to  rotate  with  the 
wheel.  Thns  a  disk  having  alternate  sectors  of  black  and 
white,  when  rotating  appear  a  oniform  gray.     If  the  white 
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MCtora  are  Ur^r,  it  will  be  s  light  gnj ;  if  amaller,  a  dark 
gray.  So  red  and  bine  produce  purple.  ComplemeDtary 
colon  produce  white.  A  disk  having  all  the  colon  of  the 
Bpectmin,  properly  proportioned,  will  produce  white.  The 
rarioos  pain  of  colon  opposite  to  one  another  in  the  circle 
(Fig.  236)  are  complementary  and  will  prodnce  white  when 
oonfosed  together  by  rapid  motion. 

Snnlight,  according  to  Profeseor  Rood,  contains  in  1,000 
parte  the  following  ingredients : 

Bed 54  porta.   Green  and  blue-green..  1S4  ports. 

Onnge-nd 140 

Orange 60 

OnmgB-yellow 114 

Tallow ..     64 

Qreen-Tellow 206 

Yellow-green 131 

As  the  pigments  need  in  coloring  the  pasteboard  upon 
the  color  wheel  are  impure  colore,  one  mast  not  be  disap- 
pointed if  the  impressions  are  eomewhat  muddy.  They 
are,  however,  enough  to  the  point  to 
illustrate  the  truth  of  what  hoe  been 
said.  The  art  of  color  mixing  in 
painting  is  far  from  being  the  sim- 
ple matter  it  might  at  first  seem, 
chiefly  because  of  the  tendency  to 
chemical  change  which  most  pig- 
ments have. 

In  modem  picture  windows, 
which  in  the  hands  of  Tiftany  and 
La  Farge  have  become  genuine 
works  of  art,  the  effects  are  often  produced  by  doubling 
or  eTen  tripling  the  glass.  Bobes  of  royal  purple  are  thus 
obtained  by  separate  thicknesses  of  blue  and  ruby  glass. 

333.  FtDOTewwnoe  and  Phoiphoresoenoe. — It  is  very  plain 
that  if  by  any  operation  we  could  change  wave  length  of 
radiations,  we  should  change  their  character.     Retarding 
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rapidity  ol  vibrations  and  increasing  the  ware  lengths 
might  change  chemical  nya  to  light  rays  and  light  rajra 
to  heat  rays,  or  change  light  rays  of  one  kind  into  those 
of  another  kind.  Qnite  a  number  of  sabstanceB  poesess 
this  power.  Sulphate  of  quinine  solution  in  the  oltra- 
violet  emits  a  pale-blue  light;  nrauium  glass  gives  a 
brilliant  green ;  fluorescein  gives  a  beautiful  green.  The 
common  mineral  fluorite,  CaFt,  has  the  same  pover,  and 
hence  the  name  fluorescence  has  been  given  to  the  phe- 
nomenon. The  platino-oyanide  of  barinm  is  'even  more 
powerful.  Its  ordinary  color  is  a  dull  yellow,  bnt  in  the 
ultraviolet  it  gives  a  magniflcent  yellowish-green  light. 

Phosphorescence,  the  power  which  certain  substances 
have  of  emitting  light  in  the  dark  after  due  exposure  to 
strong  light,  is  a  similar  property,  but  more  persistent  in 
character.  The  so-called  "  luminous  paints,"  made  usually 
of  sulphide  of  barium,  BaS,  have  this  property,  and  serve 
to  call  our  attention  to  the  house  number,  the  match  box, 
and  other  articles  usually  sought  for  in  the  dark. 

But  of  far  greater  importance  than  even  these  beautiful 
phenomena  is  the  change  of  wave  length  which  takes  place 
by  the  absorption  and  radiation  again  which  occur  in  all 
forms  of  matter,  since  upon  these  depend  very  largely  the 
habitability  of  the  globe  itself.  The  light  radiations  from 
the  sun  are  thus  changed  by  the  earth  into  waves  perhaps 
twenty  times  as  long  as  the  longest  waves  that  are  visible. 
Our  hot-beds  are  constructed  upon  this  principle.  The 
light-waves  pass  through  the  glass  freely,  but  when  they 
appear  as  heat  waves  they  are  imprisoned. 

334.  Temperatnrs  and  Color. — The  radiations  given  off 
from  a  slightly  heated  body  are  invisible.  As  the  tempera- 
tore  rises,  the  vibration  frequency  of  the  radiations  appears 
to  rise  with  it.  If  a  platinum  wire  be  gradually  heated,  by 
passing  an  electric  current  through  it,  a  spectral  gray  color 
is  emitted  at  about  400°  C,  and  the  wire  appears  as  a  dark- 
red  line  at  535°.     As  the  temperature  continues  to  rise. 
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varea  of  shorter  and  shorter  lengths  are  coDstsntlf  added, 
and  the  wire  appears  orange,  then  yellov,  and  finally  in- 
tensely white.  We  are  unable  to  perceire  the  colors  toward 
the  violet  end  of  the  spectrum  because  they  are  masked  by 
the  longer  wave  lengths  already  present.  But  the  colors 
green,  blue,  and  violet  become  visible  if  the  longer  wave 
lengths  are  filtered  off  by  suitable  glass. 

325.  BSntgen  Bays. — In  the  year  1695,  Professor  W.  G. 
Kontgen,  of  the  University  of  Wurzbnrg,  announced  his 
discovery  of  a  new  kind  of  radiation,  which  be  modestly 
called  X-rays,  but  which  are  more  frequently  designated  by 
the  name  of  their  discoverer.     The  rays  themselves  are  in- 
visible, bat  when  allowed 
to  fall  upon  certain  phos- 
phorescent material,  such 
as  barium  platino-cyanide 
or  calcium  tungstate,  they 
cause  it  to  emit  rays  of 
such  length  as  to  affect  the 
eye.     They  also  have  the 
power  to   effect    chemical 
changes  in  a  photographic 
plate.    All  bodies  are  trans- 
parent to  these   rays,  but 
in  varying  degrees.     If,  for 
example,   we    lay  a    hand 
upon  the  holder  contain- 
ing a  photographic  plate, 
and  let  the  Rontgen  rays 
fall  upon    the   hand,  and 
then  develop  the  plate,  we 
find  that   the  rays  passed 
through   the   fledi  of  the 
hand  more  readily  than  through  the  bones,  and  through 
the  bones  moi-e  readily  than  through  the  metal  finger  ring, 
as  shown  by  the  varying  degree  to  which  chemical  change 
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v&B  effected  in  the  plate  anderueath  these  different  parte 
of  the  hand  (Fig.  237).  ThuB  sargeone  may  locate  a  for- 
eign body,  Bnch  as  a  bullet,  in  the  flesh  without  probing 
for  it ;  and  thus,  too,  they  may  locate  abnormal  growths, 
such  as  internal  tumors,  etc. 


Fl<3.  S3S, — AppKiatua  for  Bontffen  ntys. 

The  Bdntgen  rays  are  produced  at  the  point  where 
kathode  rays,  which  have  been  discharged  into  a  high 
racunm,  strike  upon  a  platinum  screen  or  the  walls  of  the 
vessel  in  which  the  discharge  takes  place.  In  order  to 
obtain  the  necessary  voltage  to  drive  the  electric  current 
through  the  high  vacuum,  an  induction  coil  may  he  used. 
Fig.  338  shows  the  vacuum  tube,  the  induction  coil,  and 
the  fiuoroBCope,  into  which  the  observer  looks  while  hold- 
28 
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iag  it  tamed  tovard  the  Tacunm  tube.  The  larger  end  of 
the  flnoroacope  has  s  Bcreen  coated  with  calciatn  tuugstate  or 
bariam  plattDO-oyaaide,  which  fluoresceB  when  the  Boiii> 
gen  rays  fall  upon  it. 

326.  Hen  Wara. — When  a  discharge  takes  place  be- 
tween the  knobe  of  an  electrical  machine  (Fig.  137),  or  an 
indaction  coil  (Fig.  186),  in  addition  to  the  light  rays 
which  emanate  from  the  spark,  invisible  rays  pass  out  in 
every  direction  which  have  wave  lengths  of  several  metres. 
These  are  sometimes  called  Kerz  waves,  becanse  of  the  re- 
searches in  that  field  made  by  a  German  physicist,  Heinrich 
Herz  (1857-1891).  Although  brick  walls  are  transparent 
to  these  waves,  they  are  reflected  and  refracted  by  certain 
other  substances.  It  is  with  these  rays  that  wireless  teleg- 
raphy is  carried  on.  By  means  of  suitable  receiving  instru- 
ments, signals  have  thus  been  transmitted  as  far  as  fifty 
miles. 
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CHAPTER   XXX 
Foi^soATioN  or  LiaST 

337.  Traanerw  Tibrationi. — To  underetand  polarization] 
we  must  go  back  a  moment  to  the  aatare  of  the  light  waves 
themselves.     While  we  represent  light  rays  as  going  out  1 
from  a  luminous  body  in  all  directions  in  perfectly  straight 
lines,  the  real  motion  is  in  a  plane  at  right  angles  to  thesej 
rays,  and  in  all  possible  directions.     If  we  fagten  a  cord  at 
one  end,  and,  holding  the  other  end  in  our  hand,  make  the 
cord  ripple  in  all  possible  planes,  we  shall  have  a  rough  rep- 
resentation of  a  real  light  ray.     If  the 
motion  of  the  cord  is  projected  apon  the 
surface  to  which  the  end  is  fastened,  we 
will  have  a    series  of    radial  lines,  as 
shown    in   Fig.   239,  which    represents 
some  of  the  planes  in  which  the  ether 
vibrates.      To  represent  every  possible 
plane  of  vibration,  we  should  have  to  fio.  839. 

turn  this  circle  of  radiant  lines  into  a 
solid  black  circle.  In  thinking,  then,  of  a  ray  of  light,  we 
must  think  of  it  as  vibrating  in  all  possible  directions,  in 
a  plane  at  right  angles  to  its  line  of  propagation.  When 
such  a  ray  passes  throagh  a  homogeneous  medium,  like  the 
ether,  no  particular  result  follows;  but  when  it  passes 
through  certain  media  to  be  described,  we  have  the  inter- 
esting phenomena  of  polarization. 

328.  Polariiation  of  Light. — A  cord  with  one  end  fas- 
tened and  the  other  end  held  in  the  hand  may  be  rippled  in 
343 
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any  and  every  plane  bo  long  as  it  psBsee  freely  throngb  the 
air.  If  now  it  passoB  through  a  coaple  of  vertical  gratings, 
the  ripples  ninst  all  be  in  a  Tertical  plane.  Had  the  grat- 
ings been  horizontal,  only  horizontal  ripples  wonld  have 
been  possible.  If  one  grating  be  vertical  and  the  other 
horizontal,  no  ripples  can  pass  to  the  end  of  the  cord,  for 
only  vertical  ripples  can  paae  the  second  grating ;  conse- 
qnently  everything  stops  at  the  second  grating,  and  beyond 
that  there  is  no  motion  (Fig.  240).  Something  like  this 
appears  to  happen  in  certain  cases  with  lig)it,  and  we  call  it 
polarization  of  hght. 


Fia.  340.— Appaiatos  to  illDBtnte  polarjiatioii  of  light. 


To  illustrate  this  we  may  cut  two  thin  slices  of  toarma- 
line  parallel  to  the  axis  of  the  crystal.  These  appear  to  act 
upon  a  ray  of  light  as  the  gratings,  represented  in  Fig.  840, 
act  upon  the  vibrating  cord.  When  these  slices  are  arranged 
so  that  their  axes  are  parallel,  as  in  Fig.  241,  a  b,  the  ray  of 
light  passes  through.  If  they  are  crossed  obliquely,  as  in 
a'  b',  we  have  partial  extinction  of  the  ray.  If  they  are 
crossed  at  right  angles,  as  in  A  B,  we  have  complete  extino- 
tion  of  the  light.    We  believe  that  when  the  ray  of  light 
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paesee  throagh  the  first  of  the&e  slices  of  tonnDSline,  all  it§ 
transverae  Tibrationa  are  cut  off  except  tboae  parallel  to  the 
axis  of  the  crystal.  A  ray  of  light  which  has  thus  been 
robbed  of  all  its  vibra- 
tions except  those  in 
one  plane  is  said  to  be  , 
polarized,  and  the  first 
crystal  of  tournmline 
through  which  the  ray 
paaeeg  is  called  a  polar- 
izer. The  second  crystal  of  tourmaline  is  called  an  analy- 
zer, becanse  it  is  by  turning  this  at  right  angles  to  the 
other,  and  thus  extinguishing  the  light,  that  we  may  detei^  . 
mine  whether  or  not  a  ray  has  been  polarized. 

Light  may  be  polarized  by  reflection  from  a  plane  mir- 
ror. It  is  Jso  polarized  by  refraction,  and  rarions  sub- 
stances, such  as  Iceland  spar  or  tourmaline,  if  cat  in  the 
proper  manner,  may  serve  as  analyzers.  If  a  ray  of  light 
make  with  the  perpendicular  to  a  mirror  an  incident  angle 
of  about  flfty-seven  degrees,  the  reflected  ray  will  be 
polarized. 

329.  Applloatiini  of  Polarized  Light. — If  we  arrange  a 
projecting  lantern  so  that  we  may  introduce  a  polarizer  and 
an  analyzer  (somewhat  separated)  between  the  condensing 
and  couTerging  lenses,  we  shall  be  able  to  exhibit  the  most 
interesting  and  beautiful  phenomena  of  polarized  light. 

By  simply  turning  the  analyzer,  we  may  show  the  vary- 
ing degrees  of  light,  from  full  illumination  when  polarizer 
and  analyzer  are  parallel,  to  complete  extinction  when  they 
are  crossed. 

Geologists  now  stndy  the  rocks  by  making  very  thin 
sections,  mounting  them  on  glass,  and  then  examining  them 
by  means  of  polarized  light.  By  turning  the  analyzer  we  get 
a  beantifnl  display  of  changing  color.  We  may,  by  means 
of  polarized  light,  test  the  genuineness  of  certain  gems. 

Wonderfully  beautiful  experiments  may  be  made  by  dis- 
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Bolring  any  crystallizable  compound,  such  as  salicin  or 
area,  in  alcohol,  Bpreading  a  film  of  the  solution  on  glass, 
and  introdacing  the  glass,  while  still  wet,  between  the 
polarizer  and  the  analyzer.  As  the  solution  evaporates, 
tiny  crystals  appear  on  the  plate,  and  with  the  turning  of 
the  analyzer  we  have  the  screen  covered  with  a  display  of 
rare  beauty  and  variety. 

330.  notation  of  the  Plane  of  Polarisation, — It  is  found 
that  certain  Bubstances,  Buoh  as  quartz  cut  perpendicular 
to  its  asis,  and  certain  solutions,  such  as  sugar,  when  intro- 
duced between  the  polarizer  and  analyzer,  rotate  the  plane 
of  polarization.  The  amount  the  plane  of  polarization  has 
been  rotated  is  found  by  turning  the  analyzer. 

In  the  case  of  sngar,  the  angle  depends  upon  the  strength 
of  the  solution,  and  this  gives  ua  a  convenient  and  accurate 
method  of  determining  the  strength  of  such  solutions. 

It  was  Faraday's  great  discovery  that  a  wave  of  polar- 
ized light  may  be  rotated  by  means  of  a  magnet. 

331.  The  Identity  of  the  Tarlooi  Pomu  of  Badiation. — 
All  forms  of  radiation  may  be  polarized,  may  be  refracted, 
may  be  reflected,  and  may  be  transformed,  the  one  into  the 
other.  We  believe  that  they  difFer  from  one  another  only 
in  wave  length,  and  consequently  in  the  rapidity  of  vibra- 
tion. We  believe  that  they  are  all  rays  of  ether,  having 
transverse  vibrations.  Those  with  longest  wave  lengths 
and  slowest  vibrations  produce  electrical  phenomena,  those 
with  the  next  shortest  wave  length  and  next  fastest  vibra- 
tions produce  heat  phenomena,  those  with  the  next  shortest 
wave  length  and  next  fastest  vibrations  affect  the  optic 
nerve  with  what  we  call  light,  and  those  with  the  shortest 
wave  length  and  fastest  vibrations  are  called  chemical  or 
actinic  rays,  'because  of  their  power  to  effect  chemical 
changes.  As  might  be  expected,  all  ether  vibrations  tend 
to  effect  chemical  changes — that  is,  dissociate  the  atoms 
in  the  molecule ;  and  all  ether  vibrations  tend  to  effect 
molecular  motion,  which  is  heat. 
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332.  BonroM. — All  Bound-producing  inetrumentB  mnBt  \ 
be  in  a  Btate  of  rapid  ribration.  A  timing  fork  while  pro- 
ducing a  8onnd  may  be  ebown  to  be  in  vibration  by  touch- 
ing it  to  a  pith  ball  euBpended  by  a  thread.  The  ball  will 
bonnd  away  as  'if  it  had  been  struck  ;  and  tmly  it  has,  but 
BO  quickly  that  our  eyes  can  not  see  the  blow.  Or,  if  the 
prongs  of  a  sounding  fork  be  dipped  into  water  it  will 
throw  a  spray,  and  the  fork  will  soon  be  brought  to  rest. 
A  sounding  bell,  if  touched  with  the  finger,  will  instantly 
cease  to  produce  sound.  The  long  strings  of  the  piano 
may  be  seen  to  vibrate  while  eonnding.  A  pin  or  other 
light  object  will  dance  upon  the  sounding  board  while  the 
piano  is  played,  and  a  heavy  organ  pipe  can  be  felt  to  be  in 
vibration  while  producing  a  sound.  J 

333.  TraosmiMiou.— In  order  that  a  sounding  body  may\ 
produce  in  our  ears  the  sensation  of  sound,  some  medium — 
solid,  liquid,  or  gas — mast  intervene.  If  we  take  the  medium 
away,  our  sensation  of  sound  ceases,  no  matter  how  vigor- 
ously the  sounding  body  may  keep  up  its  vibrations.  If, 
for  example,  we  put  a  bell  run  by  clockwork  under  the 
receiver  of  an  air  pump,  and  either  suspend  it  by  threads, 
or  let  it  rest  on  thick  wads  of  cotton  or  wool,  the  sound 
will  grow  fainter  and  fainter  as  the  exhaustion  proceeds, 
and  will  finally  cease  altogether  when  a  vacuum  has  been  ■ 
attained.  We  are  justified  in  believing  that  the  medium  is~ 
necessary  for  the  transmission  of  sound,  because  when  we 
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take  the  mediuin  sway  the  sound  ceases  to  reach  our  ears. 
Ezperieoce  teaches  as  that  Bonnds  are  even  more  readil; 
transmitted  through  solids  than  through  gases.  If  one 
puts  his  ear  against  a 
long  wire  or  a  stick  of 
timber,  the  scratching 
of  a  pin  at  the  other  end 
may  be  readil;  heard 
through  the  solid  when 
it  can  not  be  heard  at 
all  through  the  air.  So 
_  also     liquids     transmit' 

sound  more  readily  than, 
gases.  The  denser  the  medium  the  more  readily  it  trans- 
mits sDun^.  Also  the  more  elasticity  a  substance  has  the 
more  readily  does  it  transmit  sound.  Fig.  342,  representing 
a  number  of  billiard  balls  suspended  in  a  row,  each  an  inch 
or  two  from  its  neighbor,  may  serve  to  illustrate  how  sound 
is  transmitted  through  the  air  or  any  other  medium.  Sup- 
'  pose  the  ball  at  one  end  of  the  line  to  be  pulled  one  side 
and  allowed  to  swing  against  its  neighbor,  the  second  ball 
will  swing  over  and  transmit  the  blow  to  the  third  ball, 
which  will  in  turn  pass  ou  the  blow  to  the  next,  and  so  on 
through  the  line.  If  these  balls  are  of  ivory  or  glass,  or 
any  elastic  substance,  the  wave  will  quickly  run  through 
the  line  without  much  loss;  bnt  if  the  balls  are  of  some 
inelastic  substance,  as  lead  or  putty,  the  impulse  rapidly 
loses  force.  Thua  it  isibat  sound  appears  to  be  transmitted 
through  any  medium.  I  The  sound  must  be  produced  by  a 
body  in..£ibration — a  column  of  air,  as  in  the  organ  pipe 
and  all  wind  instruments ;  br  a  stretched  string,  as  in  the 
piano,  violin,  harp,  and  all  stringed  instruments;  or  a 
membrane,  as  in  the  drum ;  or  a  metallic  plate,  as  in  the 
cymbal,  or  in  fact  anything  capable  of  vibration — and  these 
vibrations  are  transmitted  through  the  air  to  our  ears, 
which  are  constructed  so  as  to  receive  the  impression  and 
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translate  it  into  our  seneatioQ  sonad,  vhich  is  oonreyed  to 
the  brain  by  the  auditory  nerve. 

Sounds  differ  so  much  that  it  is  bard  to  realize  that 
they  all  are  the  result  of  the  vibration  of  the  air.  The  air, 
being  a  perfectly  elastic  fluid,  and  transmitting  pressure 
equally  in  all  directions  vibrates  from  a  center  outwardly 
in  all  directions.  Suppose  a  disturbance  to  be  set  up  at 
any  one  point,  as,  for  instance,  by  the  vibration  of  a  bell 
(Fig.  243),  the  sides  of  the  bell  in  vibration  move  first  in 
one  direction  and  then  in  the  other,  and  the  air  receives 
the  bloTB  of  the  quivering  metal  in  juat  the  way  that  the 
pith  ball  did  from  the  tuning  fork  (section  333) ;  and  not 
one  blow,  but  many,  up  to  two  or  three  hundred  in  a  second. 
Each  time  then  the  air  receives  a  blow,  it  is  compressed, 
and  a  spherical  wave  of  compression  is  set  up.    But  between 
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each  blow  the  metal  draws  back,  and  consequently  sets  up 
a  similar  spherical  wave  of  rarefaction.  A  sound  wave  is 
spherical  in  shape,  and  consists  of  alternate  spherical  shells 
of  compressed  and  rarefied  air.  There  are  three  respects 
in  which  sounds  differ :  loudness,  pitch,  and  quality. 

334  LoBdneaa. — The  harder  we  strike  the  tuning  fork 
the  louder  its  sound.  If  we  examine  its  amplitude  of  vibra- 
tion, by  dipping  it  into  water,  or  touching  it  to  a  pith  ball, 
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we  shall  get  a  cor^apondingly  Tigoroas  fotmtaiD  or  lively 
blow.  It  vaast  be  that  the  Tibrationa  of  the  lond-sonnding 
body  are  more  ample  than  those  of  the  quieter  body.  If 
when  the  timing  fork  is  sounding  very  feebly  it  is  dipped 
into  water,  the  resulting  splash  will  be  found  to  be  corre- 
epondingly  feeble.  Our  entire  experience  leads  ua  to  believe 
that  the  londneas  of  a  sound  depends  upon  the  amplitude 
of  the  wave  that  makes  it — ^that  ia,  upon  the  degree  in 
which  the  air  ia  compressed  and  rarefied. 

Re-enforcement. — The  tuning  fork  set  vibrating  and 
simply  held  in  the  hand  produces  a  very  feeble  note.  To 
make  it  audible  in  a  classroom  or  lecture  ball,  the  fork 
must  be  held  against  some  elastic  body  of  larger  surface, 
aach  as  a  wooden  table  top,  a  door,  or  an  ordinary  sound- 
ing-board. In  this  case  the  larger  body  is  also  set  iuto 
vibration,  and  the  surronnding  air  is  more  deeply  affected. 
In  most  musical  instritments  we  have  such  an  arrangement 
for  re-enforcing  the  sound,  and  to  give  it  the  volume  needed. 

Loudnese  is  seldom  measured  in  any  strict  way.  In 
~  music  it  is  indicated  by  some  word  usually  borrowed  from 
the  Italian,  such  as  forte,  load ;  fortissimo,  very  loud ;  piano, 
soft ;  pianissimo,  very  soft,  etc.  In  physics  it  is  represented, 
rather  than  measured,  by  the  amplitude  of  the  wave.  The 
intensity  of  two  sounds  may  be  compared  by  observing  the 
distance  at  which  they  may  be  heiurd.  The  sound  wave, 
being  apherical  in  form,  is  represented  at  any  instant  by 
the  surface  of  a  sphere  whose  radius  is  the  distance  from 
the  sounding  body.  We  know  from  geometry  that  the  sur- 
face of  a  sphere  is  equal  to  lirr*.  Hence  the  surface  de- 
pends on  r*,  or  the  square  of  the  distance.  By  the  prin- 
ciple of  virtual  velocity,  the  original  energy  spread  over  this 
larger  space  must  be  less  intense  in  exact  proportion ;  so 
we  say  that  tlie  intensity  of  any  given  sound  varies  inversely 
as  the  square  of  the  distance.  There  is  a  slight  variation 
from  this,  due  to  the  fact  that  some  of  the  energy  of  sound 
is  changed  to  heat. 

D.nt.zedbyG00g[c 
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336.  Pitch. — The  term  pitch  is  used  in  maeic  and  in 
ordinary  spoech  to  indicate  the  position  of  a  sound  in  the/ 
magical  scale.  The  pitch  is  high  if  the  note  is  np  toward 
the  trehle ;   the  pitch  is  low 

if  the  note  ia  down  toward  an/VlMAAf\AAAAAAAAAAAAA> 
the  hasB.     And  this  ia  quite 

independent  of  loudness.  We  "^AAAAAAAAAAA* 
all  know  that  women's  Toicee  no.  su. 

have higherpitch  than  men's, 

and  children's  voices  than  older  people's.  However  nn- 
musical  one  ma;  be,  one  is  pretty  sure  to  be  aware  of  the 
fact  that  the  notes  on  the  right-hand  side  of  the  keyboard 
of  a  piano  or  organ  are  much  higher  in  pitch  than  the 
notes  on  the  left-hand  aide  of  the  keyboard.  T^he  idea  of 
pitch  in  sound  is  a  pei'fectly  definite  one.  Pitch  trans- 
lated into  vibration  is  equally  definite.  If  two  tuning  forks 
of  different  pitch  have  a  bristle  attached  to  each,  and  if 
during  vibration  each  bristle  be  allowed  to  trace  a  line  by 
drawing  the  fork  over  smoked  glass,  it  will  be  found  that 
the  tuning  fork  of  higher  pitch,  the  shorter  fork,  will  trace 


Fio.  S49.— Savart's  wheel. 

a  greater  number  of  waves,  giving  evidence  of  being  in 
more  rapid  vibration  than  the  tuning  fork  of  lower  pitchy 
the  longer  fork  (Fig.  244).  We  say  then  that  pitch  depends 
upon  the  number  of  vibrations  per  second. 

We  may  determine  the  number  of  vibrations  which  cor- 
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respond  to  any  given  pitch  by  varions  devices.  One  la 
Savart's  vheel  (Fig.  245),  which  consiBtB  of  a  large-toothed 
wheel  capable  of  rotation,  and  provided  with 
a  flexible  tongue  against  which  the  teeth 
may  strike.  The  number  of  teeth,  multi- 
plied by  the  number  of  turns  per  second, 
will  give  the  namber  of  blows  the  flexible 
tongue  receives,  and  so  the  pitch  of  the 
resultant  note. ,  The  faster  the  wheel  turns 
tlie  higher  the  note.  If,  for  example,  we 
wish  to  measure  the  vibration  frequency  of  a  given  tuning 
fork,  we  have  only  to  set  it  into  vibration,  and  then  rotate 
the  toothed  wheel  until  it  gives  out  the  same  note.  An- 
other simple  device^  illustrated  in  Fig.  246.  The  disk  is 
made  to  rotate  in  front  -of  a  tube  through  which  a  stream 
of  air  is  poBsing.  Each  time  a  hole  in  the  disk  passes  the 
end  of  the  tube  a  puff  of  air  passes  through  it.  When  the 
disk  moves  slowly  we  hear  each  separate  pu9;  but  when 
the  disk  moves  so  rapidly  that  we  may  not  distinguish  the 
separate  pnffs,  we  begin  to  recognize  a  tone  which  rises  in 
pitch  as  the  speed  of  the  disk  increases.  By  attaching  to 
the  disk  a  mechanism  similar  to  that  used  in  t^  cyclometer 
of  a  bicycle,  we  may,  with  watch  in  hand,  count  the  num- 
ber of  revolutions,  and  from  that  the  number  of  puffs  per 
second  which  correspond  to  a  certain  pitch  of  tone.  When 
the  tone  compares  in  pitch  to  the  middle  C  on  the  piano 
it  is  found  to  have  two  hundred  and  flfty-siz  vibrations  per 
second.  Fig.  347  represents  an  instrument  for  determin- 
ing pitch.  It  works  upon  the  principle  just  stated,  with 
some  modifications  in  its  mechanism.  It  is  known  as  a 
siren. 

336.  Qoality  or  Timbre.— The  Germans  call  this  tone- 
color.  If  a  note  of  given  pitch  he  sung  by  two  voices,  or 
sounded  by  two  inatruments,  say  the  piano  and  violin,  it 
will  be  noticed  that  there  is  something  distinctive  about 
each  note,  and  we  can  generally  recognize  the  source  of  the 
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note.  It  can  not  be  a  difference  in  the  fundamental  tone, 
as  the  pitch  ie  the  same  in  all  four  notes.  Yet  bo  real  and 
subtle  is  it,  that  it  makes  one  voice  or  instrument  agreeable 
to  oar  ear,  and  another  voice  or  instrument  disagreeable. 
Von  Helmholtz,  the  great  Qennan  pbysicist,  investigated 
the  matter  very  carefully,  and  found  that  this  difference 


FiQ.  847.— Siren. 

in  the  qnality  of  sound  is  due  to  overtonee  or  secondary 
sound  waves  that  accompany  the  fundamental  or  major 
sound,  and  give  it  so  characteristic  a  coloring  that  no  two 
human  voices, 'and  no  two  instruments,  even  of  the  same 
class  and  make,  ever  sound  precisely  the  same  note.  From 
a  human  and  eeathetic  point  of  view  the  quality  of  a  sound 
is  its  most  valuable  character.     The  tuning  fork  gives  an 
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almost  pare  note,  which,  on  account  of  its  lack  of  shading, 

fails  to  be  aoceptable  to  the  ear.     Helmholtz  was  the  first 

to  meaeure  the  quality  of  a  moBical  note  by  measuring  the 

accompanying  overtones.     For  this 

purpose    he   devised   his  resonator! 

(Fig.  348),  hollow  globes  of  thin  brass 

with  openings  on  opposite  sides,  the 

smaller  one  for  insertion  in  the  ear, 

and  the  larger  on%  for  the  reception 

of  the  sound  impulse.     The  inclosed 

body  of  air  will  vibrate  in  sympathy 

with  one  special  note  only,  and  hence 

serves  to  detect  that  note  in  the  midst 

of  many  others.     By  having  a  serieB 

of  these  resonators  it  is  possible  to 

detect  the  overtones  accompanying  any  fundamental.    This 

method  gives,  however,  only  a  partial  measure,  since  the 

total  musical  effect  depends  not  alone  upon  the  overtones 

themselves,  but  also  upon  their  relative  intensity. 

337.  Sftfleotion,  Eoho6a.^If  we  place  the  chain  of  ivory 
balls  represented  in  Fig.  249  so  that  the  last  one  shall  be 
near  to  a  wall,  and  then  send  an  impulse  along  the  line  by 
swinging  the  first  ball  against  the  second,  this  impulse 
will  be  reflected  hack 
by  the  last  ball  strik- 
ing against  the  wall  and 
bounding  back  against 
its  neighbor.  In  like 
manner  sound  waves  in 
the  air  are  reflected  by 
wal  1  s  of  buil  dings,  moun- 
tain  peaks,  etc.  This  is 
what  we  call  the  echo. 

338.  Velocity.— The  velocity  of  sound  in  air  may  be  de- 
termined as  follows :  Two  stations  are  selected  at  a  known 
distance  apart,  and  sharp  noises,  such  as  the  report  of  a 
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cannon  or  gun,  are  made  at  either  or  both  stations,  and  the 
time  that  it  takes  for  the  soand  to  reach  the  other  station 
is  carefully  noted.  The  time  at  which  the  discharge  took 
place  is  known  to  the  observer  at  the  second  station  either 
by  the  flash  or  by  an  electric  sign^.  Such  experiments 
have  been  repeated  very  often  and  in  different  parts  of  the 
world,  and  while  the  results  differ  slightly,  they  all  give 
nearly  the  same  resalt,  viz.,  about  eleven  hundred  feet  per 
second.  We  may  count  the  seconds  between  the  lightning 
flash  and  the  sound  of  the  thunder  and  calculate  our  dis- 
tance from  the  thunder  cloud.  We  may  see  the  steam 
pouring  from  the  whistle  of  a  distant  steamship,  and  by 


Fio.  260.— Sonometer. 

counting  the  seconds  before  the  sound  is  heard  calculate 
its  distance. 

It  is  evident  that  loudness,  pitch,  or  quality  have  no 
effect  upon  velocity;  for  when  we  hear  a  band  of  musicians 
playing  at  a  distance  the  loud  tones  and  the  soft  tones,  the 
tones  of  high  pitch  and  low  pitch,  and  the  tones  of  vari- 
ous quality,  if  played  simultaneously,  all  reach  the  ear 
together. 

339.  Tibnti<ni  ot  String!.— A  useful  and  standard  in- 
strument for  examining  the  vibrations  of  strings  is  the 
tonometer,  or  monockord  (Fig.  250).  A  stretched  Hiring, 
capable  of  vibrating  under  varying  tensions  and  lengths. 
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and  capable  of  being  replaced  bj  other  etrin^,  ia  re-en- 
forced bj  a  Bounding  box  made  of  dry,  elastic  wood.  By 
means  of  this  instrument  the  following  laws  may  be  illus- 
trated and  verified : 

1.  Fitch  Tariea  with  the  material  of  the  string. 

2.  Pitch  varies  inversely  with  the  length. 
3-  Pitch  Tariee  inversely  with  the  diameter. 

4.  Fitch  varies  with  the  square  root  of  the  tension. 

We  may  sum  this  np  by  saying  that  strings  which  are 
heavy,  long,  thick,  and  slack,  give  a  low  note,  while  strings 
which  are  light,  short,  thin,  and  tense,  ^e  a  high  note. 

In  the  piano  the  strings  are  tightly  stretched — steel  wire 
for  the  treble,  and  steel  wire  wrapped  around  with  copper  for 
the  bass.  The  keyboard  is  fixed,  and  when  a  key  is  struck 
the  blow  is  transmitted  by  means  of  levers  and  hammers  to 
the  corresponding  string.  The  wires  are  stretched  between 
iron  pins  fastened  to  the  frame  of  the  instrument.  The 
lei^h  of  the  wire  is  determined  by  the  position  of  the 
agraffe,  or  bridge,  which  rests  directly  upon  the  large  spruce 
sounding-board  that  forms  the  bottom  of  the  piano  box. 
The  instrument  is  tuned  by  turning  the  pins  and  so  chang- 
ing the  tension  of  the  strings.  The  position  of  the  ham- 
mers is  a  matter  of  great  importance,  since  the  blow  on 
the  strings  determines  the  overtones.  In  most  pianos  the 
strings  are  struck  at  a  distance  of  one  seventh,  one  eighth, 
or  one  ninth  from  the  end,  so  as  to  bring  out  the  desirable 
overtones.  Different  pianos  differ  in  sweetness  and  tone 
largely  because  of  their  overtones  and  the  greater  or  less 
efficiency  of  their  sounding-boards. 

A  modem  grand  piano,  such  as  the  Steinway,  contains 
forty  thousand  separate  pieces  of  material.  The  piano,  in 
spite  of  many  musical  defects,  is  a  singularly  rich  instrn- 
ment,  since  it  offers  such  large  opportunities  for  the  play 
of  harmony.  Not  only  may  several  notes  he  struck  at  once 
in  a  given  chord,  but  the  combination  of  two  parts — the 
bass  and  treble — allows  added  richness  and  varielry. 
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la  other  stringed  instruments,  snch  as  the  violin  and  vio- 
loacello,  the  vibrstions  are  induced  by  means  of  a  roeined 
bow,  and  the  sound  is  re-enforced  by  a  box  beneath  the 
strings,  a  box  which  is  of  all  forms  for  acoustical  re-en- 
forcement the  most  perfect  in  design.  The  mneh-prized 
instraments  of  Stradivarius,  Amati,  and  Gnamerias,  owe 
their  value  to  their  perfect  form,  to  the  elasticity  of  their 
well-seasoned  wood  and  marvelous  vamiah,  and,  some  per- 
sons think,  to  the  fact  that  several  subsequent  generations 
of  master  violinists  have  induced  in  them  the  "habit"  of 
harmonic  vibration.  Musically,  the  violin  is  much  superior 
to  the  piano ;  the  single  notes  are  far  richer  by  reason  of 
the  full  set  of  harmonics  present,  and  particalarly  of  the 
higher  harmonics. 

340.  Bympathetio  Vlbrationa. — The  richnesa  of  the  organ, 
piano,  and  other  musical  instraments  ia  due  not  only  to 
the  overtones  accompanying  the  fundamental  note,  but  also 
to  a  second  group  of  accompanying  notes  due  to  what  is 
called  eympathetio  vibration.  If  two  tuning  forks  of  the 
same  pitch,  and  mounted  on  suitable  resonator  boxes  be 
placed  near  each  other  and  one  of  them  set  in  vibration, 
it  can  readily  be  shown  that  the  second  untouched  fork  is 
also  vibrating.  A  pith  ball  brought  in  contact  with  the 
fork  will  be  thrown  aside;  or,  if  the  original  fork  be 
sQenced,  the  second  fork  will  be  found  emitting  an  unmis- 
takable note.  Had  the  forks  been  of  different  pitch,  no 
such  sympathetic  reaction  would  have  taken  place.  Simi- 
larly, if  the  load  pedal  be  pressed  down,  and  a  strong,  pure 
note  be  snng  into  a  piano,  the  string  corresponding  to  that 
note  will  be  set  into  vibration. 
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341.  Kniio  and  HoIm. — We  know  the  seneation  differ- 
ences between  music  and  noise.  The  one  pleases  by  its 
regtilaritj  and  rhythm  and  by  a  certain  anticipatory  quality 
which  leads  us  to  expect  a  given  effect,  and  then  gratifies 
onr  sense  of  anticipation  by  giving  us  the  effect.  The  other 
displeases  us,  and  the  more  so  the  more  sensitive  our  organi- 
zation. It  displeases  by  its  irregularity.  It  must  be  said, 
however,  that  the  line  between  music  and  noise  is  not  a 
hard-and-fast  one,  even  to  musicians.  There  are  certain 
passages  in  the  compositions  of  Wagner  and  of  the  more 
stormy  Russian  artists  which  are  music  to  one  school  of 
musicians  and  noise  to  another  school.  However,  we  all  of 
UB  know  in  general  the  sensation  differences  between  masie 
and  noise.  A  vibrating  tuning  fork  gives  an  undoubted 
musical  note  of  very  pure  quality,  while  a  door  slammed 
gives  a  decided  noise.  The  tuning  fork  vibrates  regularly, 
giving  so  many  perfect  waves  per  second,  and,  as  we  have 
seen,  traces  an  even,  symmetrical  line  on  smoked  glass.  If 
a  visiting  card  is  drawn  slowly  over  the  teeth  of  a  saw  we 
hear  the  snccessive  taps  or  noises  of  the  card  striking 
against  the  teeth  of  the  saw ;  but  if  the  card  is  moved  very 
rapidly,  so  that  we  may  no  longer  recognize  the  distinct 
taps,  the  noise  begins  to  assume  the  character  of  a  tone. 
So  it  is  with  the  puffs  of  the  siren  (33S) ;  so  it  is  also  with 
the  sound  of  a  buzz  saw. 

313.  The  Huiloal  Scale — All  nations  have  made  such  a 
selection  of  musical  notes,  and  have  framed  them  into  a 
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Beriea  known  ae  the  musical  scale.  This  has  varied  greatly 
m  historic  times,  and  even  now  we  may  not  regard  it  as 
quite  fixed.  The  Greeks  had  what  seems  to  na  now  a  very 
meager  and  almost  unmusical  scale.  It  was,  however,  care- 
fully thought  out,  and  has  practically  fdrmed  the  basis  ot 
all  modem  music.  The  scale  was  greatly  enriched  daring 
the  middle  ages,  and  particolarly  when  music  came  into 
such  large  service  in  the  Church.  The  sacred  music  of 
mediteval  times,  especially  in  Italy  and  Germany,  made  great 
and  rspid  advance  toward  modern  perfection.  All  this 
work,  however,  was  purely  art  work,  and  not  aa  yet  science. 
The  musical  scale  that  has  thus  come  down  to  us  is  a 
product  of  the  rich,  emotional,  and  leathetic  lite  of  the 
world,  and  not  of  its  thought.  The  older  musicians  knew 
nothing  of  acoustics,  knew  nothing  of  vihration  numbers, 
and  sound  waves.  They  knew  only  what  pleased  the  heart 
and  expressed  its  reverence  and  delight. 

343.  The  Ootare.^Fltch  depends  solely  upon  the  num- 
ber of  vibrations  per  second;  but  as  soon  as  we  begin  to 
compare  notes  of  definite  pitch  with  one  another  we  are 
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struck  with  the  fact  that  when  we  have  gone  a  certain  dis- 
tance in  either  direction  the  notes  appear  to  be  repeating 
themselves.  They  are  higher  or  lower,  it  is  true,  but  they 
have  the  same  musical  character.  A  corresponding  rela- 
tion is  found  to  exist  between  their  vibration  frequencies. 
Taking  the  note  C,  making  366  vibrations  per  second,  it  is 
found  that  the  next  note  above  it,  C,  that  has  the  same 
musical  character,  makes  512  vibrations,  or  just  twice  as 
many  as  C.  Above  that  the  next  similar  note  is  C",  with 
1,034  vibrations.     Then  comes  C"  with  2,048  and  C"  with 


iooglc 


4,096  TibratioiiB,  and  we  reach  the  upper  limit  of  the  piano. 
Had  we  gone  down  instead  of  up,  we  should  have  found  the 
first  lower  note  similar  to  C  to  be  Ci ,  making  just  half  the 
number  of  vibrations,  or  128.  Below  that  comes  Ct,with 
64  vibrations,  and  still  below  that  Cj,  very  far  down  among 
the  thunderous  notes  of  the  bass,  and  making  only  32  vibra- 
tions per  second.  This  is  very  near  the  lower  limit  of 
musical  sound.  Cj  to  G^  covers  about  the  range  of  an 
ordinary  piano  keyboard  (Fig.  2S1).  Between  C  and  C 
custom  has  introdaced  six  notes,  and  we  designate  them  by 
the  letters  of  the  alphabet— D,  E,  F,  G,  A,  B.  The  scale 
thus  repeats  itself  every  seven  notes.  This  group  of  eight 
notes  is  called  the  octave.  C°  is  two  octaves  above  C ;  C" 
is  four  octaves.  Similarly,  Cj  is  three  octaves  below  C. 
The  scale  may  begin  on  any  note  of  the  octave,  but  it  will 
be  beat  to  regard  the  scale  beginning  with  C  as  a  type. 

344.  Vibration  Ratios  of  the  Huiioal  8oale. — If  we  take 
the  number  of  vibrations  of  the  fundamental  note  of  the 
scale  as  unity,  then  its  octave  will  be  2,  and  the  interven- 
ing notes  as  follows : 

C  D  E  P  G  A  B  C  (1) 
do  re  mi  fa  sol  la  ei  do  (2) 
1        *        i         i         i         *        V       a      (3) 

aee  ass  sso  un  884  4aef  480  sn  (4) 

(1)  is  the  usual  musical  notation ;  (2)  is  the  notation  com- 
monly used  in  singing;  (3)  is  the  vibration  ratioa  which  hold 
for  the  scale  whatever  its  position  on  the  keyboard ;  and 
(4)  is  the  working  out  of  these  ratios  for  the  octave,  begin- 
ning with  the  middle  C. 

Intervals. — When  we  look  closely  at  such  a  scale  we  see 
that  the  intervals  are  not  all  equal-  The  intervals  between 
mi  and  fa  and  between  si  and  do  are  called  half  tones,  and 
the  other  intervals  are  called  whole  tones,  although  the 
"  whole  tones  "  are  not  equal  to  each  other,  nor  are  the  so- 
called  half  tones  half  of  any  one  of  them.     On  the  piano 


keyboard  each  of  the  BO-oalled  whole  tones  are  divided  into 
halves  by  the  black  keys  (see  Fig.  852).     This  enables  one  to 
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begin  vrith  do  on  any  letter  and  bring  in  the  half  step 
between  mi  and  fa. 

346.  Huioal  Score. — It  is  the  custom  to  represent  mu- 

eical   notes  by  conventional  signs —        ■    i     ^   ^   ^   t 
o   a    d    4   ^  i'  ^ 

which  are  read  whole  note,  half  note,  quarter  note,  eighth, 
sixteenth,  thirty-second,  and  sixty-fourth.  These  terms 
apply,  not  to  the  tone  intervals,  bat  solely  to  the  time  to 
be  given  to  each  tone.  Five  parallel  lines  constitnte  the 
staff  on  which  the 
notes  are  to  be 
placed,  and  the  po- 
sition of  the  notes 
on  the  staff  indi- 
cates their  pitch. 
When  the  staff  will 
not  accommodate 
all  the  score,  addi- 
tional lines,  called  Pia.  gsg, 
ledger  lines,  are  em- 
ployed. In  mnsic  written  for  two  hands,  as  the  score  for 
piano  and  organ,  separate  conventions  are  nsed;  for  the 
right  hand  the  treble  clef,  £  and  for  the  left  hand  the 
bass  clef,  ^  Fig.  363  represents  the  position  of  the 
letters  upon  the  score. 

34fl.  H«lody, — The  art  of  mosical  composition  is  per- 
haps the  supreme  act  of  which  the  human  mind  is  capable. 


F^ 

^^5=^^ 

pE 

fr^ 

A"""'''     

A,"^<^ 
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The  earlJest  composition  was  naturally  the  simple  arran^ 
ment  of  Boands  in  pleasing  eacceeaion,  and  for  this  sequence 
of  Bound  the  term  melody  has  long  been  used.  The  arraoge- 
ment  and  the  effect  are  both  simple ;  one  sound  is  followed 
by  another  according  to  no  peroeived  physical  law,  but 
solely,  perhaps,  in  accordance  with  some  testhetie  law  by 
which  the  succession  gives  na  pleasure.    Some  of  our  most 


Fia.  aS4.— Theme  ftuin  Beethoyon's  Fifth  Symphony. 


touching  music,  our  folk  songs,  ballads,  and  the  like,  are 
pure  melody.  So,  in  more  complicated  music,  melody  is 
sometimes  introduced  by  way  of  contrast  or  relief,  or  to 
emphasize,  by  its  very  simplicity,  a  leading  thought  in 
the  composition.  Wagner  nearly  always  introdnces  the 
characters  in  hia  o|>eraB  by  such  a  melody,  or  "  Leit-motif." 
A  simple  melody  is  often  nsed  as  the  theme  or  text  out  of 
which  more  elaborate  music  is  to  be  developed.  The  above 
example  of  very  beautiful  melody  is  the  theme  of  the  slow 
movement  of  Beethoven's  Fifth  Symphony  (Fig.  254). 

347.  Chorda. — Melody  is  simplicity  itself,  for,  while  it 
may  please  in  greater  or  less  degree,  it  can  never  absolutely 
displease,  because  it  can  never  be  other  than  musical.'  Bnt 
the  poaaibiliticB  of  music  would  be  ill  explored  if  we  con- 
fined ourselves  to  a  mere  succession  of  musical  sounds, 
however  agreeable  they  might  be.  There  are  tremendonsly 
greater  possibilities  when  we  come  to  sound  several  notes 
at  the  same  time.    Two  or  more  notes  sounded  simultane- 
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onely  constitate  a  chord.  If  the  effect  is  agreeable,  we  call 
it  concord ;  if  disagreeable,  discord. 

The  eimpleat  chorda  contain  but  two  notes,  as  the 
octave,  C  C ;  the  perfect  fifth,  C  Q ;  the  fourth,  0  F ;  the 
major  third,  C  E ;  the  major  sixth,  C  A,  and  the  less  agree- 
able minor  third,  minor  sixth,  etc.  These  binary  combina- 
tions form  the  basis  of  onr  musical  analysis,  since  chords  of 
three  or  more  notes  may  be  resolved  into  their  binary  chords. 

The  most  important  chord  in  music  is  the  major  triad, 
C  £  G,  or  common  chord,  which  may  be  considered  as  made 
np  of  a  major  third,  C  E ;  a  minor  third,  E  G ;  and  a  per- 
fect fifth,  C  Q.  By  substituting  C  for  C,  we  get  the  chord 
of  the  sixth,  EGG';  and  by  the  further  substitution  of  E' 
lor  E,  we  get  the  chord  of  the  sixth  and  fourth,  G  C'  E'. 
These  three  chords  are  all  agreeable,  but  produce  somewhat 
different  musical  sensations. 

ifarmonics. — The  quality  of  a  musical  note  depends,  as 
we  have  seen,  upon  the  overtones.  The  upper  harmonics 
are  too  faint  to  be  appreciable,  but  the  lower  ones  are  very 
important.  When  we  strike  C,  we  have  the  following  suc- 
cession of  notes : 

C     C     G*    C"    B"    O",  etc 
]      3      8      4      S       6,     etc.  (vibration  ratios). 

We  may  discard  all  above  G",  and  represent  it  thus 
(Fig.  356) :  In  the  harmonics  of  this  one  note  we  have 
already  present  the  principal  chord  of 
music,  the  octave,  C  C ;  the  perfect  fifth, 
C'  G' ;  the  fourth,  G'  C" ;  the  major  third, 
C"  E" ;  the  minor  third,  E"  G".  This  may 
account  for  the  fact  that  these  chords  are 
agreeable,  since  they  merely  emphasize 
notes  already  present  in  the  fundamental.  In  general,  notes 
to  be  harmonious  must  have  vibration  frequencies  that 
stand  to  each  other  in  a  simple  ratio.  There  is,  however, 
conflict  between  the  series  of  harmonics. 
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348.  Stnuony. — The  highest  expression  of  mnsical  art 
18  in  harmony,  which  is  the  combining  of  many  sounds  into 
one  agreeable  compoaition.  It  is  practically  a  progression 
of  chords,  groups  of  notes  sounded  in  such  orderly  eucces- 


3    i  iK     *  5  ^ 

Fra.  ese.— IIIOBtratioD  of  harmony  tram  Bchnmaua'a  Nacbtetuck,  No.  4. 

sion  as  to  produce  the  impression  of  unity  and  purpose. 
The  laws  of  harmony  are  very  intricate,  and  presuppose  an 
acquaintance  with  elementary  music.  The  above  bars  from 
Schumann's  Nachtsttick  are  a  beautiful  illustration  of  har^ 
mony  (Fig.  256). 

349.  Counterpoint — As  harmony  is  the  highest  expres- 
sion of  music,  so  counterpoint  is  the  highest  expression  of 
harmony.  In  counterpoint  we  have  harmony  brought  about 
by  the  combination  of  two  or  more  melodies,  a  combination 
which  yields  the  fullness  and  satisfaction  of  harmony  with 
the  movement  and  life  of  melody.  The  great  master  of 
counterpoint  was  Sebastian  Bach  (1685-1750).  The  accom- 
panying excerpt  from  Palestrina  illustrates  counterpoint 
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WOLK<iANG    AMADEl'9  MOZART  (1756-1791). 
One  of  ihe  patent  muBlclnns  the  world  hsc  produced.    Wblh 
re  lad  he  pLnyed  before  nearl;  all  the  aoveretgne  of  Eilt« 
[is  music  from  Ihe  Qnt  lo  Ihe  lest  baa  been  tdobI  highlj  app 
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(Fig.  357).  Handel,  in  England,  and  other  masters  of  the 
seventeenth  and  eighteenth  centuries  brought  counterpoint 
to  a  perfection  that  it  has  never  since  reattained.  It  occu- 
pies, indeed,  a  very  subordinate  part  in  the  compositioDs  of 
the  nineteenth  century,  which  are  mainly  engaged  in  ex- 
ploiting the  poasibilities  of  harmony.     But  as  harmony 

From  Palestrina. 


Md^iMuJ^Si 


fS- 


Fio.  267. — lUustntion  of  counterpoint. 

grew  out  of  counterpoint,  so  it  now  seems  probable  that  a 
more  magnificent  counterpoint  will  grow  out  of  our  enlarged 
knowledge  of  harmony.     The  tendency  to  return  to  coun- 

X\oog[c 


terpoint  is  shown  in  the  work  of  Bach  modem  composers  as 
Mozart  and  Mendelssohn. 

It  haa  been  well  said  that  melody  gives  one  the  idea  of 
tnoiioH,  and  harmony  the  feeling  of  resl.  Melody  must 
progress,  or  it  ceases  to  be  melody,  bat  a  simple  harmonious 
chord  is  complete  and  perfect  in  itself.  In  modern  counter- 
point we  have  the  strength  of  both,  the  movement  of  the 
contrasted  melodies  and  the  restful  background  of  their 
underlying  harmony. 

Onr  ideas  of  musical  beauty  are  so  variable  that  it  seems 
impossible  to  reduce  them  to  strict  physical  statement. 
Taste  changes,  and  each  new  master  gives  greater  flexibility 
to  the  material  of  music.  To  the  complaiat  that  one  of 
bis  works  contained  a  certain  passage  that  was  not  allowed, 
Beethoven  replied  :  "  Then  I  allow  il ;  let  that  be  its  juati- 
flcation." 

350.  Beading  Kosio.— It  might  well  be  a  part  of  every 
liberal  edacation  to  learn  to  read  music  intelligently.  There 
are  people  who  read  music  so  easily,  and  construct  it  in 
their  minds  so  vividly,  that  they  get  as  great  pleasure  in 
simply  turning  over  the  leaves  of  a  musical  composition  as 
we  do  in  glancing  over  a  favorite  poet. 
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anSCELLANXOUS  APPIJCATZOtlS 

361.  Speaking. — The  opening  between  the  Tocal  corda  is 
called  the  glottis,  and  is  practically  a  slit,  eomewhat  like 
the  lip  of  an  organ  pipe.     When  no  sooud  is  produced,  the 
vocal  cords  are  far  apart,  and 
the  glottis  takes  the  shape  of 
a  V,  with  the  wide  part  behind. 
When   Toice  is  produced,  the 
vocal  corda  are  drawn  together 
nnder  some  tension,  their  edges 
are  parallel,  and  the  glottis  be- 
comes a  mere  narrow  slit  (Fig. 
2S8).    The  pitch  of  the  emitted 
sound  depends  on  the  tension 
of  the  vocal  cords.     As  this  is 

controlled  by  the  mtiscles  of  the  larynz,  we  can  alter  the 
pitch  of  onr  voice  at  will,  but  only,  of  course,  within  some- 
what narrow  range. 

The  character  of  the  voice  depends  on  small  structural 
differences  in  the  larynx.  In  women  and  in  boys  the  voice 
is  higher,  simply  because  the  vocal  cords  are  shorter,  and 
hence  vibrate  a  greater  number  of  times  per  second.  In 
the  same  way,  soprano  and  alto  voices  in  women,  and  tenor 
and  bass  voices  in  men,  result  from  the  size  and  tensipn  of 
the  vocal  cords.  A  trained  singer,  by  altering  the  tension 
of  the  cords,  can  cultivate  great  flexibility.  This  control, 
like  the  control  of  nearly  all  our  faculties,  is  best  acquired 
when  we  are  young. 

889 

Dctzscii/Googic 


870  PHYSICS 

TbiB  acconnts,  however,  only  for  the  voice  itself,  and 
not  at  all  for  Epeeoh.  The  animals  have  a  very  eimilar 
apparatus  for  producing  aoood,  and.  In  the  case  of  the  birds, 
they  use  it  very  skillfnlly. 

In  speech  the  voioe  has  to  have  a  very  definite  charac- 
ter, and  many  modifications,  in  order  to  express  all  onr 
varying  shades  of  meaning.  The  primary  speech  sounds, 
vowels  and  consonants,  are  brought  about  by  changing  the 
shape  of  the  cavity  of  the  mouth,  an  operation  depending 
mainly  on  the  tongne  and  lips.  This  change  in  the  quality 
of  the  tone  is  due,  physically  speaking,  to  the  overtones 
which  are  produced  by  the  varying  form  of  the  mouth. 
The  character  of  the  sounds,  as  elements  of  speech,  is  quite 
independent  of  the  tension  of  the  vocal  cords. 

The  human  voice  only  covers  a  range  of  about  two  oc- 
taves. Few  people  in  ordinary  speech  cover  one  octave. 
The  rising  inflection  at  the  end  of  a  question  sometimes 
amounts  to  a  fourth ;  the  falling  inflection  at  the  end  of  a 
simple  sentence  to  a  fifth,  and  even  emphasis,  where  pro- 
duced by  a  change  of  pitch,  seldom  exceeds  a  fifth.  The 
cultivation  of  a  greater  range  would  add  much  to  our  power 
of  expression. 

In  singing,  the  sound  itself  is  the  great  thing,  and  the 
words  quite  secondary.  The  great  operas  are  sung  in 
Italian,  because  of  the  greater  wealth  of  vowel  sounds  in 
that  language.  In  some  modern  music  no  words  are  used 
at  all.  A  simple  vowel  sound  is  selected,  and  the  musical 
effect  gained  by  variations  of  pitch  and  time.  In  this  case, 
the  voice  is  treated  as  a  simple  musical  instrument,  and 
not  at  all  as  an  organ  of  speech.  The  physical  process  of 
singing  depends  for  its  success  mainly  on  the  flexibility 
and  control  of  the  vocal  cords,  and  upon  the  ability  to  pro- 
duce a  sustained  and  uniform  blast  of  air  through  the  glottis. 
In  the  best  systems  of  modem  voice  culture,  this  flexibility 
is  the  main  thing  sought  for,  and  the  "  singing  voice,"  as 
it  is  well  called,  is  cultivated  both  for  speech  and  song. 
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In  compass,  the  htunan  voice  rangeB  txom  about  F,  in 
the  baas  {86  vibrations)  to  about  F'  in  the  treble  (768  vibra- 
tions). Ezceptioaal  soprano  voices  have  gone  as  high  as 
£"  (1,380  vibrations).  One  voice  is  seldom  able  to  cover 
more  than  tvo  octaves. 

353.  Hearing  ig. physiologically  the  reverse  process  of 
speaking.  Speech  begins  in  the  brain  as  a  thoogbt,  passes 
to  the  mnscles  of  the  larynx,  tongue,  and  lips  as  a  nerve 
impulse,  and  emerges  into  space  as  an  air  vibration.  Hear- 
ing, on  the  contrary,  depends  for  its  stimulus  upon  an  air 
vibration,  which  is  transmitted  by  the  ear  as  a  aensory  im- 
pulse, and  ends  in  the  brain  with  thought.  Hearing,  there- 
fore, consists  of  three  distinct  processes— excitation,  trans- 
mission, and  interpretation.  The  excitation  consiBts  in  a 
sound  wave  impinging  on  the  drum  of  the  ear.  The  sound 
wave  is  usually  of  the  air,  but  it  may  also  be  of  the  water, 
if  we  put  our  ear  beneath  the  surface.  The  excitation  may 
also  be  produced  by  direct  contact  with  a  vibrating  solid 
body,  as  when  a  sounding  fork  is  held  against  the  bridge  of 
the  nose,  or  against  the  teeth.  But  in  general  the  excita- 
tion is  aerial,  and  strikes  the  ear  drum.  Here  a  whole  series 
of  wonderful  things  happen.  The  ear  drum  is  a  stretched 
membrane,  very  thin  and  very  strong.  It  will  bear  the 
pressure  of  a  column  of  mercury  fifteen  inches  high — that 
is,  the  pressure  of  half  an  atmosphere.  This  ear  drum  or 
membrane  separates  the  outer  ear  from  the  drum  cavity. 
In  this  there  are  three  small  and  delicately  poised  bones 
which  receive  the  vibrations  of  the  ear  drum,  and  pass  them 
on  to  the  inner  ear,  and  so,  by  means  of  the  auditory  nerve, 
to  the  brain  itself. 

The  act  of  transmission  is  a  very  complicated  one,  in- 
volving as  it  does  so  many  distinct  physiological  parts — the 
external  ear,  the  external  auditory  canal,  the  drum  mem- 
brane, the  middle  ear  with  its  three  tiny  bones,  and  the 
ventilating  canal  that  leads  to  the  back  of  the  mouth  ;  the 
Eustachian  tube ;  the  internal  ear  with  its  wonderful  canals 
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and  procesBea ;  and  finally  the  auditory  nerre  going  directly 
to  the  temporal  lobea  of  the  brain. 

Bnt  even  more  wonderful  than  this  process  of  tranemis- 
eion  is  the  interpretation  of  the  nerve  impulse  into  aignifi- 
cant  Boand,  when  it  reaches  the  brain,  and  about  this  we 
know  absolutely  nothing  at  all. 

363.  Limits  of  Sou&d. — As  a  sensation,  sound  is  limited. 
The  human  ear  will  not  respond  to  those  which  have  more 
than  40,000  vibrations  per  second.  Many  persons  can  hear 
nothing  above  about  1%,000  vibrations,  and  consequently 
do  not  detect  the  squeal  of  a  mouse  or  the  cry  of  a  bat. 
We  are  all  deaf  to  many  of  the  shrill  scands  of  the  insect 
world.  Some  animals  are  believed  to  be  able  to  hear  sounds . 
that  quite  escape  our  own  ears. 

Music  employs  only  the  lower  notes,  from  about  A^  (S7i 
vibrations)  to  C  (4,824  vibrations)  on  the  piano,  and  up 
to  D*^  (4,762  vibrations)  on  the  piccolo.  The  middle  0  is 
counted  at  366. 

364.  The  Phonograph. — No  scientiSc  inatmment  in  its 
day  has  excited  greater  interest  than  Mr.  Thomas  A.  Edi- 
son's phonograph,  or  sound-recording  apparatus,  invented  in 
1878,  and  first  apprehended  as  a  scientific  toy,  but  since 
brought  forward  as  a  serious  servant  in  the  affairs  of  every- 
day life.  The  phonograph  consists  in  a  horizontal  axle 
capable  both  of  rotation  and  of  longitudinal  advance.  On 
this  is  mounted  a  cylinder,  covered  in  the  early  days  with 
tin  foil,  but  now  made  with  some  plastic  composition  for 
its  surface.  A  fixed  mouthpiece  is  mounted  over  one  end 
of  the  cylinder,  when  the  axle  is  at  its  extreme  position. 
The  mouthpiece  has  a  flexible  diaphragm,  provided  at  the 
center  of  its  rear  face  with  a  small,  sharp  stylus,  which 
presses  against  the  plastic  surface  of  the  cylinder. 

When  talking  into  the  machine  the  cylinder  rotates, 
and  also  slowly  advances,  so  that  a  fresh  portion  of  its  sur- 
face is  constantly  passing  under  the  stylus.  Imagine  the 
mouthpiece  in  position,  and  the  cylinder  slowly  rotating. 
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Any  Boand  iraves  striking  against  the  diaphragm  set  it  into 
ribration,  and  the  little  stylus  no  longer  traces  an  even 
groove  on  the  snrface  of  the  cylinder,  bnt  a  groove  which 
is  nov  of  varying  and  constantly  changing  depth.  Every 
BOtmd  is  thas  recorded  in  these  minnte  characters  on  the 
anrface  of  the  cylinder,  and  may  be  reproduced  by  throwing 
back  the  mouthpiece,  bringing  the  cylinder  back  to  its 
original  position,  adding  a  suitable  speaking  trumpet  to  the 
mouthpiece,  and  then  repeating  the  motion  of  the  cylinder. 
The  little  stylos,  passing  over  its  own  tracing,  moves  in  and 
out  with  the  varying  depth  of  the  groove,  and  so  produces 
in  the  diaphragm  vibrations  similar  to  those  originally  in- 
duced in  it.  The  trnmpet  strengtbeus  these  sound  waves, 
and  we  have  a  reproduction  of  the  speech  or  music  curiously 
like  and  curiously  unlike  the  original. 

Uses  oflhe  Phonograph. — It  was  hoped  that  the  phono- 
graph might  be  used  in  place  of  dictation,  both  by  editors 
and  busy  letter  writers,  the  cylinder  being  sent  at  once  to 
the  printing  office,  or  mailed  to  the  correspondent  at  the 
other  end,  bnt  this  practical  use  of  the  phonograph  has  not 
yet  been  realized.  It  remains  chiefly  as  an  amusement  for 
the  cnrious  in  onr  big  cities  and  popular  resorts. 

A  much  more  important  use  than  this  would  be  the 
application  of  the  phonograph  to  the  reproduction  of  books, 
so  that  the  blind  could  be  read  to,  and  all  of  us,  tired  per- 
haps with  the  day's  work,  and  willing  to  save  our  eyes  of 
an  evening,  conld  hear  our  favorite  author  read.  When 
we  went  to  buy  snch  books,  the  shopkeepers  would  ask  ns, 
not  whether  we  preferred  the  Avon  edition,  or  the  River- 
aide,  or  the  half  calf  or  morocco,  but  simply  whether  we 
preferred  Mrs.  Scott  Siddons's  rendition,  or  Mr.  Horace 
Howard  Fumess's,  or  Mr.  Robertson's,  or  some  other  good 
reader's. 

3SS.  The  Telephone  means  sound  at  a  distance,  and  is 
one  of  the  most  important  of  modern  sound  instruments. 
The  acoustic  telephone  is  only  a  box,  bnt  its  principle  is 
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worth  considering.  The  transmitter  and  receiver  are  alike 
simply  a  little  cylinder  of  wood  or  metal  having  one  end 
open  and  the  other  end  closed  by  parchment  or  other  flex- 
ible diaphragm.  A  fine  wire  or  string  leads  from  the  center 
of  the  diaphragm  of  one  instrument  to  the  center  of  the 
diaphragm  of  the  other.  The  wire  or  string  mnst  pass 
freely  from  one  inBtrament  to  the  other,  and  must  be  mod- 
erately taut.  When  you  speak  into  one  cylinder,  the  trans- 
mitter, the  diaphragm  is  set  into  vibration,  and  these  vibra- 
tions produce  corresponding  longitudinal  vibrations  in  the 
wire  or  string,  and  so  in  turn  are  transmitted  to  the  dia- 
phragm of  the  receiver.     Here  they  produce  vibrations  of 


FlQ.  2Sa.— Telephone  receiver. 

the  air  similar  to  the  original  sound  waves.  If  the  receiver 
be  held  to  the  ear,  the  message  is  distinctly  heard  over  a 
distance  of  several  hundred  feet. 

The  magnelo-tele'phoTie  depends  upon  both  acoustical 
and  electrical  principles,  but  with  a  little  care  may  be  read- 
ily understood.  Remove  the  top  of  a  regular  telephone 
receiver  and  esamine  its  construction,  or  else  consult  the 
accompanying  figure  (359).  There  is  a  flexible  diaphragm 
or  disk,  D,  made  of  thin  iron,  and  directly  back  of  this  disk 
a  steel  bar  magnet,  running  the  length  of  the  instrument. 
The  end  of  the  magnet  nearest  to  the  disk  is  surrounded 
by  a  coil  of  fine  insulated  copper  wire,  B,  whose  ends  are  oon- 
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nected  with  the  binding  posts,  C,  on  the  far  end  of  the  tele- 
phone receiver,  and  through  thoee  with  the  line  wire.  This 
inatmment  may  serve  either  as  transmitter  or  receiver, 
though  it  is  now  only  nsed  in  practice  as  a  receiver.  When 
you  speak  into  the  telephone,  the  iron  diaphragm  is  set  into 
vibration,  and  currents  of  electricity  are  induced  in  the  coil 
of  copper  wire  (Fig.  369).  The  direction  of  these  cnrrents 
varies  with  the  approach  and  recession  of  the  diaphragm, 
and  produces  variations  in  the  strength  of  the  magnets  at 
each  end  of  the  lines.  These  rariatioos  set  up  correspond- 
ing vibrations  in  the  diaphragm  of  the  receiver  at  the  farther 
end  of  the  line ;  the  air  is  thrown  into  correspoDding  vibra- 
tions, and  so  brings  the  sound  to  the  ear.  The  aconatic 
principle  of  the  Bell  telephone  is  very  similar  to  that  of 
the  acoustic  telephone,  except  that  the  vibrations  are  trans- 
mitted not  directly  as  a  pulsation  of  the  string,  but  indi- 
■  rectly  as  a  varying  current  in  the  wire.  The  electricity 
simply  acts  as  the  carrier  of  the  energy.  In  the  transmitter 
the  sound  energy  is  transformed  into  electric  energy,  and 
this,  in  the  receiver,  is  retransformed  into  sonnd  energy. 
Such  a  telephone  is  in  reality  a  magneto^electric  machine. 
For  this  and  the  modem  form  of  the  telephone  see  sec- 
tions 366  and  268. 
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I.  EXTENSION  AND  WEIGHT  OF 
MATTER 

EXEBCI9E  1. — To  detflrmine  the  ratio  between  an  inch   . 
and  a  centimeter.*    Pleasure  the  line  (Fig.  1)  in  inches  to 
the  hundredth  part,  and  in  centimeters  to  the  qnarter  of  a 
millimeter. 


Express  the  result  decimal!;  and  in  the  following  form  : 

....  in.  = cm. 

From  this  resnlt  calculate  results  for  the  following : 
(a)    1  in.  =  . .    cm. 
(h)   . .  in.  =      1  cm. 
(c)   . .  in.  =  100  cm.  (1  meter). 
ExGBCiSE  2. — To  determine  the  ratio  between  a  meter 
and  an  inch.     Measure  the  given  line  (to  be  supplied  in 
the  laboratory)  in  meters  and  in  inches.'    Express  the  re- 
sult as  follows : 

m  = in. 

Calculate  results  for  the  following : 

(a)  1  m.   = 

(b)  . .  cm.  = 

(c)  1  cm.  = 

Compare  these  results  with  those  obtained  in  the  former 
exercise.    Which  are  probably  more  nearly  correct  ?    Why  ? 

*  Alva^  draw  along  the  edge  of  the  ruler  on  which  there  is  no 
scale.  In  mahing  messurements  turn  the  ruler  upon  edge,  so  that  the 
scale  touches  the  paper. 
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ExEBCiSE  3. — To  determine  the^ 
and  a  gr&m.  Place  an  ounce  weight  or  some  multiple  of 
an  ounce  upon  the  scale  pan.  Balance  it  by  gram  weights 
to  the  tenth  part  of  a  gram.    Express  the  result  as  follows : 


Calculate  the  results  for  the  following  : 

(a)  1  oz.  =  , . .  gm. 

(b)  . .  oz.  =■     1  gm. 

(c)  1  lb.  =  . . .  gm. 

(d)  . .  lb.  =  1  kg.  (1,000  gms.). 

EsEBCiSE  4. — To  determine  the  ratio  between  a  quart 
and  a  liter.  Measure  a  quart,  pint,  or  half  pint  of  water, 
and  find  how  many  cubic  centimeters  it  is  equal  to.  Ex- 
press the  result  as  follows : 

qt.  =  . . .  c.  c. 

Calculate  the  following ; 

(a)  1  qt,  =  , . . .   c.  c. 

(b)  . .  qt.  =  1,000  c.  c.  (1  liter). 

ExEECiSB  6. — To  determine  the  weight  of  a  cubic  centi- 
meter c^  water  in  grams.  Place  a  measuring  glass  upon 
the  scales  and  balance  it.  Pour  in  water  to  any  depth, 
weigh  the  wftter  in  grams,  and  read  the  volume  in  cubic 
centimeters.  Add  more  water.  Read  the  volume  and  add 
weights  to  restore  the  balance.  Repeat  several  times.  Ex- 
press the  results  as  follows : 


First  trial      c.  c.  of  water  wei 

Second  trial  ....  c.  c.  of  water  wei 

Third  trial    c.  c.  of  water  wei 

Total  c.  c,  of  water  wei 

Calculate  the  following : 

(a)  1  c.  e.  of  water  weighs    . 

(b)  1  liter  of  water  weighs  . 


igh  . .  gm. 


,  gm. 
.  gm. 
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IL  PROPERTIES  OF  MATTER 

1.  Cohsiioii  ftitd  AdhMiou. 

ExPEBiHEKT  6. — Wet  two  plates  of  glaaa  and  press  them 
together.  Pnll  them  apart  again.  Try  to  keep  their  faces 
parallel  while  doing  bo.  Touch  one  of  them  to  the  surface 
of  water.  Lift  it  from  the  water.  Try  to  keep  its  face 
parallel  to  the  surface  of  the  water  while  doing  so.  Try 
other  liquids,  such  as  mercury,  oil,  etc.  Diecuss  this  experi- 
ment rather  fully. 

Is  it  generally  easier  to  separate  the  liquid  from  the 
solid,  or  the  liquid  from  the  liquid  ? 

Gluing  and  cemeating. 

Welding  of  metola.     Soldering. 

Solid,  liquid,  and  gaseous  state  of  matter. 

2.  Porosity. 

EspEBiMBNT  1'.— Put  water  into  a  test-tuhe  to  the  depth 
of  about  an  inch.  Then  slowly  add  ahout  an  inch  of  alco- 
hol. Measure  the  height  of  liquid  in  the  test-tube.  Shake 
them  well  together  and  measure  again.     Explain. 

ExpEBiHENT  8.— Hold  a  piece  of  blackboard  crayon 
under  water.     Why  do  air  bubbles  rise  to  the  surface  ? 

Wood,  sponge,  leather,  pumice  stone. 
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3.  CapUlaiity. 

Draw  out  some  glass  tubing  into  capillary  tubes  o{ 
Tarious  sizes. 

ExPEBiitENT  9. — Put  them  into  cold  water ;  into  hot 
water ;  into  alcohol ;  into  mercury.  How  is  capillarity 
affected  by  the  size  of  the  tnbe,  by  temperature,  and  by  the 
kind  of  liquid  used  ? 

ExBBCiSE  10. — Explain  the  appearance  of  the  surface 
of  water  in  a  IJ4ube  three  sixteenths  of  an  inch  In  diam- 
eter. Explain  the  appearance  of  the  surface  of  mercnry 
in  the  same  tube. 

Candles  and  lamp  wicks. 
Blotting  paper. 
SpongcH. 
Loaf  sugar. 

4.  Diffomon  of  Liquids. 

ExpEKiMKNT  11. — Invert  a  test-tube  filled  with  water 
in  a  sbiall  tumbler  containing  copper  sulphata  Allow  it 
to  stand  several  days. 

6.  DiAuion  of  Oasaa. 

ExpEBiUENT  12. — Invert  a  wide-moufhed  bottle  of  hy- 
drogen over  one  of  oxygen.  After  they  have  stood  for  sev- 
eral minutes  bring  a  flame  to  the  mouth  of  each.     Explain. 

Nitrogen  is  lighter  than  oxygen.  Whf  arc  tbcy  not  in  layers  in 
tbc  atmoBphere  t 
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.  OmiOM. 


ExpEBiUEXT  13. — Put  a  concentrated  sngar  solution 
into  a  test-tube  to  the  depth  of  about  two  inches.  Tie  a 
piece  of  gold-beater's  skin  over  the  mouth,  and  invert  it  in 
a  small  tumbler  of  water.  Crack  a  hole  in  the  upper  end 
of  the  test-tube.  Allow  the  apparatus  to  stand  for  several 
days,  and  notice  what  happens. 

EsPBBiMENT  14. — Tie  gold-beater's  skin  over  the  bot- 
tom of  an  Argand  lamp  chimney.  Fill  the  chimney  with 
concentrated  copper-sulphate  solution  as  far  aa  the  con- 
striction. Support  the  chimney  to  this  depth  in  a  tumbler 
of  water.     In  which  direction  is  the  greater  flow  ? 

Rising  of  eap  in  trees. 

7.  CryitaUintion. 

ExpERiHENT  15.— Fill  a  test-tube  half  full  of  ammoni- 
nm  chloride.  Add  water  so  that  the  tube  shall  he  about 
two  thirds  full,  beat  until  the  ammonium  chloride  is  dis- 
solved. Allow  the  solution  to  cool  slowly,  and  watch  the 
crystals  form. 

£zP£Ei)iENT  16. — Dissolve  50  grams  of  alum  in  50 
grams  of  hot  water.  Examine  the  crystals  which  form  on 
cooling. 

EsPESiUBNT  17, — \[ake  a  saturated  solution  of  copper 
sulphate.  Allow  the  solutiou  to  cool,  and  examine  the 
crystals; 

Experiment  18. — Heat  some  small  pieces  of  roll  brim- 
stone until  they  have  melted  to  a  straw-colored  liquid. 
Examine  the  crygtals  which  form  on  cooling. 

ExPEBiHENT  19. — Dissolve  some  flower  of  sulphur  in  a 
little  carbon  bisulphide.  Cover  the  solution  and  set  it 
aside  to  evaporate,  and  compare  the  sulphur  crystals  ob- 
tained by  this  method  with  those  obtained  by  melting  the 
sulphur. 
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EXPEBIMEMT  20.— Fill  a  one-ounce  narrow-mouthed  bot- 
tle with  water,  cork  it,  and  snrroQud  it  with  a  freezing 
mixture  of  salt  and  ice.  Allow  it  to  stand  fifteen  or  twenty 
minatea,  until  the  bottle  cracks.  Uncover  carefully  to  see 
what  has  happened  to  the  cork. 

Crystallization  of  water,  tjpe  metal,  etc 

a  Tiiooaity. 
,X    EXPBBIHENT  21,— Melt  some  small  pieces  of  roll  brim- 
stone in  a  test-tube.     Then  gradually  raise  the  tempera- 
ture of  the  melted  sulphur  to  snch  a  point  that  the  test- 
tube  may  be  inverted. 

ExpEBlHENT  S2. — Support  a  stick  of  sealing  wax  or  a 
paraffin  candle  at  either  end  in  a  horizontal  position,  and 
leave  it  for  several  weeks  or  months  until  it  becomes  per- 
manently bent. 

Perfect  rigidity,  Tiscoeity,  perfect  mobility. 

Balsam,  mulaaaea,  honey,  pitch,  aaphalt,  concrete  walks. 

~^  g.  Elaitioi^. 

ExPBRiMBKT  23.— Measure  a  piece  of  elastic.  Stretch 
and  release,  then  measure  again.  Repeat  several  times. 
What  is  meant  by  perfect  elasticity  ? 

ExPREiicBNT  24. — Draw  a  piece  of  glass  rod  out  into 
fine  threads.     Notice  their  elasticity  upon  bending. 

Elastic  force  of  gases. 

Tempered  steel. 

Steel  springs. 
\     Spring  balances.  ' 

10.  KaUeabilit;. 

Experiment  35. — Pound  a  piece  of  lead  into  a  thin 
sheet.     Flatten  melted  glass  by  pressing  it  between  forceps. 

Gold  leaf. 
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Th*  Pendnlvm. 

ESPERIHENT  26. — Determine  whether  time  of  vibration 
is  independent  of  length  of  arc  (amplitude  of  vibration). 

Use  a  pendulum  (a  wooden  or  glasB  ball  attached  to  a 
thread  is  convenient)  about  IS  inches  long,*  and  count  the 
number  of  swings  it  makes  in  a  minute  through  arcs  of 
yarions  lengths. 

ExPEBiUEKT  87. — Determine  whether  time  of  Tibration 
ie  independent  of  the  weight  of  the  ball.  Use  balls  of 
various  sizes  and  weights. 

ExPERiHENT  38. — Determine  the  length  of  a  pendulum 
that  will  swing  tiO  times  a  minute.  Begin  with  one  aboot 
1  meter  long. 

ExpERiMEtTT  29. — Determine  how  the  length  of  the 
pendulum  is  related  to  tbe  time  of  vibration.  Start  with 
a  pendulum  about  24  inches  long.  Count  the  number  of 
swings  it  makes  in  a  minute.  Make  it  6  inches  long,  and 
record  as  before. 

What  are  the  laws  governing  the  pendulum  ? 

Exercise  30,— Determine  the  height  of  the  ceiling  of 
your  laboratory  by  counting  (per  minute)  the  number  of 
swings  of  a  pendulum  suspended  from  there.  Add  to  the 
result  which  you  obtain  the  height  of  the  middle  of  the 
ball  from  the  floor. 

The  rotttronome,  clucks. 


*  The  length  should  be  measured  from  the  middle  of  the  ball. 

8 
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Seoond  Law  of  MotioiL 

ExpBRiMEMT  31 — Determine  by  means  of  the  apparatus 
repreeented  in  Fig.  2  whether  an  object  projected  hori- 
zontally will  reach  the  floor  in  the  same  time  as  one  let  fall 
Terticallj  from  the  same  height. 


Fio.  a.— Apparatus  foe  illustrating  aecond  law  of  n: 

Fig.  3  represents  a  thin  strip  of  wood  to  which  is  fas- 
tened a  small  block  (a).  Through  this  block  passes  a 
dowel  rod  as  long  as  the  strip,  b  and  c  represent  two  blocks, 
through  one  of  which  {h)  a  hole  is  bored  to  fit  the  dowel 
rod.  By  means  of  rubber  bands  the  dowel  rod  sets  both 
blocks  free  to  fall  at  the  same  instant,  but  projects  one 
horizontally  and  the  other  vertically. 

Inertia. 

Stable,  indiffeTent,  (md  unstable  equilibrium. 

OraTit;. 

ITnifiDormly  Aooelarated  Motion. 

ExPBKiU£NT  32. — Arrange  a  trough  in  front  of  a  black- 
board in  such  an  inclined  position  that  a  ball  set  to  rolling 
will  go  say  1  foot  during  the  first  second.  (The  time  may 
be  marked  by  a  pendulum  which  swings  once  a  second.) 
The  unit  distance  which  the  ball  travels  the  first  aecond 
may  be  marked  on  the  blackboard. 

Determine  whether  the  ball  will  go  three,  five,  and  seven 
times  as  far  during  the  second,  third,  and  fourth  seconds 
08  during  the  first  second. 
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IbaTrth  of  Prq]MtilM 

EzBBCiSB  33.— To  the  ecsle  of  ^  inch  to  16-feet,  plot 
the  path  of  a  hall  thrown  upward  in  ench  a  manner  that  it 
will  have  a  vertical  Telocity  of  'i56  feet  per  second,  and  at 
the  same  time  a  horizontal  velocity  of  48  feet  per  second. 
Designate  your  sketch  as  Pig.  3. 

What  will  be  the  length  of  the  whole  distance  traveled? 
How  many  seconds  will  it  take  to  travel  this  distance  P 
How  long  wonld  it  take  the  same  ball  to  reach  the  ground 
if  it  were  thrown  merely  with  a  vertical  velocity  of  366 
feet  per  second  ? 

HoBunti  rf  Foroe  and  W"*"™— , 

.  ExpERiHENxa  34  AND  35. — Determine  by  means  of  the 
apparatus  illustrated  in  Figs.  4  and  5  what  forces  must  he 
supplied  to  produce  equilibrium  in  several  of  the  cases 
represented  in  Figs.  6-38.  From  these  trials  deduce  prin- 
ciples which  will  apply  to  all  the  cases  represented. 


AppamtUB  fur  llluBtrating  moinentB  of  forM. 


Fig.  4  represents  a  strip  of  wood,  on  which  is  pivoted  a 
strip,  cd,  which  swings  freely.  The  weights  which  are 
hung  from  cd  by  means  of  bent  pins  may  be  made  of 
pieces  of  stout  copper  wire,  cut  into  equal  lengths  and 
bent  into  convenient  shapes  for  hanging. 
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Fig.  5  repreaenta  a  strip  of  wood,  m  n,  containing  several 
tacks,  to  which  spring  balancea  may  be  attached  hj  means 
of  threads.  The  apparatus  is  used  horizontally  upon  a 
table. 


FlO.  S.— Appamtns  Tor  Illustrating 


of  force. 


In  the  following  ezerciaea  {36-67)  certain  of  the  forces 
are  given  in  each  case,  and  it  ia  required  to  determine  the 
remainder.  It  should  be  first  calculated  according  to  the 
principles,  and  the  result  afterward  verified  by  uaing  the 
apparatua  represented  in  Figs.  4  and  5. 


SXEfiCISE  [ 


EXERCISE  37. 
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EXEBCIBE  38.  EXERC 


y 


EXERCISE  40. 


EXERCISE   41. 
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EXEBCI8E   44.  EXERCISE    45. 


EXERCISE  47. 


Fio.  19.— Cogwheels. 
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EXERCISE  60.  BXERCIBE  51. 


EZBBCI3B   I 


Fia.  as. — Nut-CMcker. 


V^ 


FlQ.  28. — Hunmer.   ' 


ExEBCiBE  54. — Fig.  24  represents  s  log  of  wood,  the 
veight  of  which  is  300  poonds.  What  force  wonld  be  re- 
quired at  a  or  }  or  c  to  start  to  lift  it  ? 
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ExEBCiSE  55. — Compare  forces  a  and  h  in  Figs.  85  and 
B  necessary  to  ttart  the  motion  of  the  box. 


ExEECiSB  66. — Fig.  27  represents  a  block  of  granite 
3X4x8  feet.  The  specific  gravity  of  granite  is  about 
3.5.  A  cubic  foot  of  water  weighs  63.5  ponnds.  The  bar, 
a,  is  10  feet  4  inches  long,  and  the  fulcrum  is  4  inches 
from  the  block.  What  force  mast  be  applied  at  P  to 
move  it  F 
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EXEKCIBE   57. 

DUm.  of  fl  =  6  in.     Diam.  otd  =  2  in. 
«       "  i  =  8  "  «       "  B  =  2  « 

«       "  c  =  8  "  «       "/=8  « 

(1)  How  many  times  as  many  cogs  in  the  circamference 
of  S  as  in  that  ot/f 

(2)  How  are  the  number  of  revolutionB  in  a  and  c  to  be 
compared  P 

(3)  What  weight  at  IT  will  balance  100  at  FT 


QrESTiOHe  and  Problbju 

1.  Explain  whj  a  Btream  of  wat«r  falling  freel;  tends  to  m 
into  drops. 

i.  Why  should  one,  in  getting  off  and  on  a  moTing  car,  face  the 
front  of  the  car  ? 

8.  Wh;  are  steel  springs  used  in  the  "spring  balances"  t  Upon 
what  does  the  efficienc;  of  such  a  balance  depend  t 

4.  Why  is  an  empty  car  in  motion  more  easily  stopped  than  a 
loaded  one  ? 

0.  How  long  will  it  take  a  ball  thrown  upward  with  a  vertical 
velocity  of  IftS  feet  per  second  to  reach  the  ground  1 

6.  Suppose  a  body  weighing  10  pounds  moves  'under  the  influ- 
ence of  a  constant  force  20  feet  the  first  second,  60  feet  the  next 
second,  and  100  feet  the  third  second,  how  far  wilt  it  more  the 
fourth  second  ?  How  does  its  momentum  at  the  end  of  the  fourth 
second  compare  with  that  at  the  end  of  the  second  second  I  Ex- 
plain your  method  of  calculation. 

7.  If  a  pendulum  which  swings  once  a  second  is  SO  inches  long, 
find  the  length  of  a  pendulum  which  swings  SO  times  a  minute. 

8.  How  may  the  vibrations  of  a  pendulnm  be  quickened  four- 
fold! 

9.  In  a  certain  wheel  and  axle  the  diameter  of  the  wheel  is  4 
feet  and  that  of  the  axle  is  1  foot.  It  is  found  that  on  account  of 
friction  a  weight  of  160  pounds  attached  to  the  rope  which  encirclea 
the  wheel  is  necessary  to  lift  a  weight  of  600  pounds  attached  to  tbe 
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rope  which  eacircleB  the  axle.    How  much  work  must  a  man  do  to 
lift  the  000  pouuda  a  distance  of  2  feet  with  this  machine  t    How 
much  work  would  he  need  to  do  to  lift  it  without  the  machine  f 
10.  Whj  are  long-handled  shears  used  in  cutting  metal  ? 

Table  of  Equtv&lehts 
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MECHA^JICS  OF  FLUIDS 

L  Pkbbbukb  ih  Liquids. 
I^dimmaiy  Extreittt. 

Exercises  1,  9,  8,  uid  4.    Pigs.  1  moA  3. 
Firtt  J^neiple. 

Experiments  1, 3,  knd  3.    Exercises  4  uid  5.    Figs.  3, 4, 6,  and  6, 
Buoyoruiy  and  Sp»cifle  Oravity. 
Experiments  e,  7,  8,  and  9.    Figs.  7,  8,  tuid  9. 
II.  Pbbbsube  in  Oases. 
Second  PrineipU. 
Experiments  10. 11, 19. 18, 14,  15,  16,  17,  18,  and  19.    Figs. 
10, 11, 13, 18, 14,  wid  10.    A,  B,  C,  D,  B. 
Bogle's  Law. 
Experiment  20.    Figs.  16  Mid  17, 

III.  Pbessurb  Tkahskittbd. 

7%ird  Pnneiple. 
ExperimenU  31  and  23.    Figs.  18, 1ft,  and  30. 

IV.  MiSCELLAHEOUB   APPUCATIOHS. 

Carleaian  Diver. 

Exercise  33.    Pig.  31. 
Siphon. 

Exercise  24.    Figs.  33, 33,  34,  and  30. 
fountain  Siphon. 

Exercise  3S.     Fig.  26. 
Li) ting  Pump. 

Eiereise  36.     Fig.  27. 
Force  Pump. 

Exercise  27.     Ftg.  28. 
Speeifie  Oravity  of  Liquids. 

Exercise  28.     Fig.  39. 
Frt»»ure  in  a  Barometer  Tuba, 

Exercise  20.     Fig.  80. 
Hero' a  Fountain. 

Exercise  80.    Fig.  31. 


fbyGoogIc 


PHYSICAL  EXPERIMENTS 

SludmCt  Lamp. 

Exercise  81.  Fig.  39. 
fountain  Spofiffe  Cup  or  Ink  Wdl. 

Exercise  »a.  Pig.  SS. 
ConttafU  Preatun. 

Exercise  38.  Fig.  84. 
iVeMurs  Qaaget  in  Series. 

Bierciae  34.  Fig.  85. 
Questions  and  Problsms. 
Tftble  of  Specific  Grovities,  Weights,  EquiTftlents,  eto. 
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I.  PRESSURE  IN  LIQUIDS 

Pnllmiiury  EzerdMt. 

ExEBCiSE  1. — To  find  the  relstire  weight  of  water  and 
mercury.  Measnre  the  length  of  the  water  column  a  b  (Fig, 
1).  Measnre  the  height  of  the  mercury  column  be,  which 
balances  the  water  column.  Compnte  the  relative 
I  weight  of  water  and  mercnry. 

L  The  following  method  is  convenient  for  record- 

ing the  rcBults : 

Length  of  water  column  ab= centime- 

tere. 

Length  of  mercury  column  i  c  = centi- 
meters. 

....   centimeters  of  mercury  weigh  as  much 
.as  centimeters  of  water,  therefore  1  ceuti- 

y      meter  of  mercury  weighs  as  much  as  ... .  centi- 
meters of  water.     Mercury  is times  as  heavy 
AS  water. 
Exercise  2. — To  find  the  relative  weight  of 
Fio  1.      alcohol  and  mercury.     Proceed  as  in  the  former 
exercise,  calling  the  length  of  the  alcohol  column 
a  b,  and  the  length   of  the   mercury  column  which  bal- 
ances it  b  c. 

Exercise  3. — From  the  results  obtained  in  the  previous 
exercise  calculate  the  relative  weight  of  water  and  alcohol. 

Mercury  is times  as  heavy  as  water. 

Mercury  is times  as  heavy  as  alcohol. 

Water  is times  as  heavy  as  alcohol. 

Alcohol  is times  as  heavy  as  water. 

20 
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ExBBCiBE  4. — To  find  the  relative  weights  of  alco- 
hol and  water.  Measure  the  length  of  the  alcohol  col- 
umn, cb  (Fig.  2).  Measure  the  length  of  the  wa- 
ter colamn,  a  b,  which  balances  it-  Compute 
the  relative  weights  of  alcohol  and  water.  Com- 
pare the  results  with  those  obtained  in  Exer- 
cise 3.  Which  are  probably  more  nearly  cor- 
rect?   Why? 

Qnettioiu. 

Suppose  that  in  Exercise  1  it  were  found  that 
1  centimeter  of  mercnry  balanced  13.6  centime- 
ters of  water.  Imagine  the  cross  section  of  the 
tube  (Fig.  1)  to  be  1  square  inch,  how  many 
cubic  inches  of  water  will  it  take  to  weigh  as 
much  as  1  cubic  inch  of  mercury?  One  cubic 
inch  of  mercury  weighs  about  ^  pound,  about 
how  much  does  1  cubic  inch  of  water  weigh  ?  fiq.  a. 
One  cubic  centimeter  of  water  weighs  1  gram, 
what   is  the  weight  of  1   cubic  centimeter   of  mercury  ? 
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Priadple  L 

(a)  Fresture  in  liquids  is  proportional  to  the  depth  with- 
out regard  to  the  size  or  shape  of  the  vessels  which  contain 
them,     {b)  At  any  given  depth  it  is  equal  in  aU  directions. 

ia)  Find  the  ratio  of  pressure  to  the  depth  of  the  water 
in  the  three  given  pieces  of  apparatus. 


SxPBRTiiBirT  1. — Measure  the  length  of  the  mercary 
colomn  be  {Fig.  3)  in  each  of  the  three  pieces  of  apparatus. 
Using  for  the  relative  weight  of  water  and  mercnry  the 
class  average  from  Preliminary  Exercise  1,  (Why  ia  thia 
better  for  your  use  than  the  standard  ratio  ?)  Calculate 
what  length  of  water  column  in  each  case  would  be  neces- 
sary to  balance  the  mercury  column  be.  Measure  the 
length  of  the  water  column  a  5  in  each  case.  Compare 
these  measurements  with  the  calculated  results  and  record 
the  errors. 
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ExPBBiMENT  2.— (J)  Find  the  pressure  downward,  aide- 
wise,  and  upward  at  a  given  depth — say  20  centimeters — 
in  water  in  terms  of  centimeters  of  mercury. 

Let  the  depth  of  the  water  column,  a  h  (Fig.  4),  in  each 
case  be  20  centimeters.  Measure  the  length  of  the  mer- 
cury column  {b  o)y  which  balances  this  water  pressure.    Cal- 


culate  the  length  of  mercury  column  necessary  to  balance 
a  water  column  20  centimeters  long. 

ExpEEiMEHT  3.— Close  the  lips  tightly  over  one  end  of 
a  pressure  gauge,  and  find  bow  long  a  column  of  mercury 
you  can  support  by  steady  pressure  of  air  from  your  lunge. 
How  long  a  column  of  water  would  this  pressure  support  P 
How  many  grama  per  square  centimeter  would  this  prefl- 
sure  support  ? 

A  cubic  inch  of  mercury  weighs  about  half  a  pound ;  how 
many  pounds  per  square  inch  would  this  pressure  support  ? 
Was  this  the  outward  pressure  upon  the  walls  of  your  chest 
and  mouth  during  this  exercise  P 
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EXERCiBE  4.— The  vessel  (Fig.  5)  is  filled  with  water. 
What  is  the  pressure  per  square  centimeter  at  the  points  a, 
b,c,d? 

Note  that  d  has  a  colamn  of  water  12 
centimeters  long  standing  over  it,  while  c  has 
only  2  centimeters  and  b  1  centimeter  of  wa- 
ter above  them.  Can  70a  explain  yonr  an- 
swer to  the  above  question  in  the  light  of 
these  facts  ? 

Snppose  the  area  of  the  cross  section  of 

the  tube  to  be   1  square  inch.     How  many 

inches  long  would  a  column  of  water  have 

to  be  to  exert  a  pressure  of  i 

pound  at  d  ?    How  long  a  col- 

j      umn  of  mercury  would  exert  this 


ff  c  Exercise  6. — Three  veasels 

Fro.  s.  (Fig.    6)    hare    all    the    same 

depth  — 10   centimeters.     They 
are  filled  with  water.     What  is  the  pressure  per  square 
centimeter    upon    the    bottom    of    each  ?     The    bottom 
of    each    has    an 
area  of  100  square 
centimeters.  What 
is   the   total   pres- 
sure upon  the  bot- 
tom of  each  f     Is 
the  weight  of  water 
in  each  the  same  ? 


Prohlema 

1.  A  mercury  preggure  gauge  is  attached  to  the  bottom 
of  a  tuuk  of  water.  The  pressure  is  found  to  be  snflScient 
to  hold  up  a  column  of  mercury  15  inches.  How  many 
pounds  pressure  per  square  inch  does  this  represent  ?  How 
high  is  the  water  in  the  tank  ? 
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S.  If  the  average  Inug  pressure  is  1^  poDods  per  eqaare 
inch,  how  manj  centimeters  high  would  it  be  possible  to 
support  a  colnmn  of  mercury  in  Experiment  3  ?  How  many 
grams  pressure  per  square  centimeter  would  this  represent  P 


Buoyancy  and  Speoiflo  Gravity. 

EiPBBiMENT  6. — Find  the  area  of  the  cross  section  of 

the  specimen  tube  (Fig.  7).  (Measure  the  diameter  of  the 
tube  in  centimeters,  and  compute  the 
area  of  its  cross  section  according  to  the 
formula  wr*.)  Measure  in  centimeters 
ab,  the  depth  to  which  the  tube  sinks 
in  the  water.  What  is  the  upward  pres- 
sure upon  each  square  centimeter  of  the 
bottom  of  the  tube  P  What  is  the  total 
pressure  P  This  is  the  buoyant  force. 
From  this  calculate  what  must  be  the 
weight  of  the  tube  with  the  shot  which 

it  contains,  and  the  volume  of  the  water  which  it  displaces. 

Find  the  weight  by  nging  the  balance.    Find  the  volume 

of  water  it  displaces  by  floating  it  in  a  graduate  cylinder. 


CaroIlaiie& 

A  floating  body  displaces  its  own  weight  of  the  liquid. 
A  body  that  sinks  displaces  its  own  volume  of  the  liquid. 
The  buoyant  force  equals  the  weight  of  the  floating  body. 
The  buoyant  force  eqnals  the  weight  of  the  liquid  dis- 
placed. The  buoyant  force  at  any  given  depth  is  tlie  up- 
ward pressure  at  that  depth. 
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ExPKRiXENT  7. — Weigh  the  m&rhle  (Fig.  8)  in  air. 
Weigh  it  when  suspended  in  water.  How  much  does  the 
water  buoy  up?  What 
is  the  yolnme  of  the 
marble  F  What  is  its 
weight  compared  with 
that  of  an  eqn&l  vol- 
ume of  water?  (Spe- 
cific gravity.) 

EXPKBIMENT    8. — 
Find  the  volume  of  the 
Fig.  8.  marble  used  in  the  pro- 

TiODB  ezerciee  by  im- 
mersing it  in  a  test-tube  containing  water,  and  computing, 
according  to  the  formula  xr'x  A,  the  volume  of  the  cylinder 
of  water  displaced.  Compare  the  result  with  that  obtained 
in  the  previous  exercise.  Which  la  more  reliable?  Why? 
ExPEBiMEKT  9. — Weigh  a  marble.  Balance  a  tumbler 
of  water  (Fig.  9)  upon  a  scale  pan.  Then  Boepend  the 
marble  in  the  water  so  as  not  to  touch  the  bottom  or  sides 
of  the  tumbler,  but  have  it  completely  submerged.     Find 


how  much  weight  must  be  added  to  the  other  scale  pan  to 
restore  the  balance.  How  much  did  the  water  buoy  up  ? 
How  much  did  the  thread  sustain  ?  What  is  the  volume 
of  the  marble  ?    What  is  its  specific  gravity  ? 
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Probluiu 

1.  Given  a  canal  boat  about  like  a  box  in  shape.  If  tbe 
area  of  tbe  bottom  is  300  eqnare  feet,  and  it  sinks  2  feet 
into  the  water,  what  most  be  ita  weight  ?  What  load  would 
be  required  to  sink  it  to  a  depth  of  fi  feet  ?  One  cubic  foot 
of  water  weighs  about  63.5  pounds. 

2.  A  cubic  inch  of  mercury  weighs  i  pound.  Its  spe- 
cific gravity  you  have  already  found,  (a)  Find  the  pres- 
sure of  the  water  in  pounds  per  square  inch  at  the  bottom 
of  a  rectangular  aquarium  by  measuring  its  depth,  (b) 
What  is  the  total  pressure  upon  one  of  its  sides  ? 

3.  How  many  pounds  would  it  be  neceesary  to  lift  in 
moving  a  stone  under  water,  if  the  volume  of  the  stone 
were  1  cubic  foot  and  its  specific  gravity  2.5  ?  If  the  same 
stone  were  immersed  in  sulphuric  acid  of  specific  gravity  of 
1.8,  what  would  be  its  apparent  weight  ? 

i.  If  the  specific  gravity  of  a  certain  object  is  3,  what  is 
its  weight  if  it  displaces  35  cubic  centimeters  of  water  F 

5.  If  a  block  of  wood  2x2x4  feet  has  a  specific  grav- 
ity of  .5,  how  much  will  it  need  to  be  loaded  in  order  to 
just  submerge  it  in  water?  If  you  attach  a  load  to  the 
block  you  will  increase  its  volume.  What  will  yon  do  with 
that  tact  ?  How  much  granite,  specific  gravity  2.6,  would 
be  required  to  sink  the  block  f 
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n.  PRESSURE  IN  GASES 
Prindide  n. 

Pressure  of  the  air  increases  rcitk,  but  is  not  propor- 
tional to,  the  depth.  At  any  given  depth  it  is  equal  i?t  all 
directions. 

ExpERiHENT  10. — Show  by  the  balances  that  air  has 
weight.  Suspend  from  one  pan  of  the  batances  an  eight- 
onnce  flask  containing  a  rubber  stopper  with  one  hole.  By 
means  of  a  piece  of  glass  tubing  in  the  hole  of  the  stopper, 
attach  a  small  piece  of  rubber  tnbing  containing  a  ping. 
Balance    carefally, 

i  Remove  the  plug, 
and  by  means  of 
the  InngB  or  an  air 
pump  exhaust  air 
from  the  flask. 
Pinch  the  rubber 
tube  and  replace 
theplag.  The  flask 
should  show  a  de- 
crease in  weight. 
Add  weights  to  restore  the  balance.  Then  detach  the  flask 
from  the  scale  pans,  invert  the  flask  over  water,  and  remove 
the  plug.  Measure  in  a  graduate  glass  the  volume  of  water 
that  rises  into  the  flask.    Record  the  result  as  follows : 

c.  c.  air  weigh gms. 

Water  is  773  times  as  heavy  as  air.  Compute  the  weight 
of  the  volume  of  air  obtained  in  your  experiment,  and  com- 
pare with  the  result  obtained.  The  weiglit  of  a  liter  of  air 
is  about  1.29  grams. 
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ExpBRiHENT  11. — Cause  a  fountain  to  play  by  atmos- 
pheric preaaure,  as  represented  in  Fig.  11.     By  means  of 
the  lungs  or  an  air  pump  exhauBt  air  from  the  bot- 
tle, and  then  invert  the  bottle,  allowing  the  rubber 
tube  to  dip  into  water.     A  fountain  will  play  in 
the  bottle  ("  fountain  in  vacuo  "). 

ExPERiuEifT  13.— Lift  the  bottle  (Fig.  12)  by 
the  lamp  chimney  after  exhausting  air  from  it. 
This  chimney  merely  rests  upon  a  rubber  stopper. 
How  does  the  experiment  illustrate  the  pressure 
of  the  air  P 


HagdebuTg  hemispheres. 
Experiment  13.— By  means  of 


C 


J 


the  barometer  (Fig.  13)  find  the 
pressure  of  the  air.  Read  it  on 
several  successive  days,  and  com- 
pare with  the  newspaper  reports. 

Why  does  a  column  of  mer- 
cury 30  inches  high  represent  a 
pressure  of  about  15  pounds  per 
square  inch  P  How  many  centi- 
meters high  must  a  column  of 
water  be  to  represent  the  same 
pressure?  How  many  grams  pres- 
sure per  square  centimeter  does 
this  indicate  P  Why  may  we  not 
calculate  the  height  of  our  at- 
mosphere from  this  pressure  ?  If 
the  pressure  of  the  air  were  pro-  Fro.  is.  fio.  is. 

portional  to  the  depth,  how  high 

would  the  atmosphere  be  to  support  a  column  of  mercury 
30  inches  high? 


i 
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niuBtnitfl  the  expaDBiTe  force  of  the  air  hj  using  the 
pieces  of  apparstnB  illustrated  in  Fige.  14  and  16,  A-E. 


■y^\. 


r'       I 


;^ 


Experiment  14. — Cause  a  fountain  to  pla;  by  first  con- 
densing air  in  the  bottle  (Fig,  14)  and  then  remoring  the 


ExpEBiMENT  16. — Close  the  mouth  of  the  bottle  (Fig. 
16,  A)  with  a  rubber  stopper.  Put  the  bottle  into  the  re- 
ceiver R,  and  pump  air  from  the  receiver.  Explain  what 
occurs. 

ExFEBiHENT  16. — Bubber  cloth  is  tied  oTer  the  mouth 
of  the  bottle  (Fig.  15,  B).  Put  it  into  the  receiver  R.  First 
condense  air  and  then  exhaust  air,  and  explain  what  hap- 
pens in  each  case. 

ExpEEiKENT  17.— Rubber  cloth  is  tied  over  the  mouth 
of  the  bottle  (Fig.  16,  C)  and  in  the  side  of  it  a  email  hole 
has  been  bored.  Try  the  effect  on  the  rubber  cloth  of 
condensing  and  rarefying  the  air  in  the  receiver  S  when 
the  hole  in  the  small  bottle  is  left  open,  and  also  when  it  is 
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plugged  vith  wax.     Explain.     How  does  thie  illustrate  the 
function  of  the  Eustachian  tube? 

ExpEBiHENT  18.— Fat  the  email  bottle  (Fig.  15,  D)  into 
the  receiver  R  and  rarefj  the  air.    Explain  why  the  foun- 
tain playB.     How  might  the  apparatus  be  arranged  bo  that 
the  fonntain  would  play  into  the  small  bottle  instead  of  ' 
into  the  receirer  ? 

ExPEBiMENT  19.— Pat  the  bottle  (Fig.  15,  E)  into  the 
receiver  R.  How  may  the  water  be  made  to  flow  from  the 
small  bottle  into  the  receiver  P  How  would  it  be  possible 
to  make  the  water  flow  from  the  receiver  into  the  small 
bottle  ? 

BoyU'i  Law. 

ExpEBiHEXT  30. — By  means  of  the  Boyle's  law  appa- 
ratus, find  the  relation  of  volume  to  pressure  in  air. 

Fig.  16  shows  increase  in  pressure,  and  consequent  de< 
crease  of  volume  of  air  in  the  closed  end,  a  b,  of  the  tube. 
Fig.  17  shows  decrease  of  pressure  and  increase  of  volume. 
Start  with  the  apparatus  horizontal.  Under  how  great 
pressure  then  is  the  air  in  the  closed  end  ?  By  what  means 
may  we  increase  the  pressure  upon 
it  P  'Pry  increasing  the  pressure  to 
twice  what  it  originally  was.    How 
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long  a  mercury  column  is  presBiitg  on  the  inclosed  air? 
What  has  its  volume  become  ?  How  long  a  mercnry  col- 
umn will  TepreseQt  }  of  the  original  pressure  upon  it? 
Try  increasing  the  pressure  by  this  amount,  and  find  what 
the  volume  of  the  air  has  become. 

By  tilting  the  tabe  in  the  opposite  direction,  increase 
the  volume  of  the  air  to  twice  what  it  originally  was.  By 
what  length  of  mercnry  column  has  the  pressure  been  de- 
creased ?  How  does  the  pressure  now  compare  with  the 
original  pHssure  ?  Try  reducing  the  volume  to  f .  What 
is  the  pressure  upon  it  ?  Try  increasing  the  volume  to  |. 
What  is  the  pressure  apon  it  ?    What  is  Boyle's  law  ? 

Prohleiiu. 

Disregard  changes  due  to  temperatore.  If  a  cubic  foot 
of  air  weighs  1.28  ounces  at  the  sea  level,  what  would  it 
weigh  at  a  height  of  3  miles  ?  If  a  balloon  displaces  3,000 
cubic  feet  of  air,  how  many  pounds  of  buoyant  force  would 
it  have  at  the  sea  level  ?  How  many  at  a  height  of  3 
miles  ?  In  what  way  would  changes  due  to  temperature 
afFect  these  results  ? 

How  deep  in  water  mast  a  bubble  of  air  be  liberated 
in  order  that  when  it  reaches  the  surface  it  may  have  twice 
as  great  a  volume  as  when  set  free  ? 

Ad  object  having  a  volume  of  1  cubic  foot  weighs  3 
ounces.     What  would  it  weigh  in  a  vacunm  ? 
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III.  PRESSURE  TRANSMITTED 
Frinoiple  ttt 

Pressure  exerted  upon  a  fluid  {liquid  or  gas)  inclosed  in 
a  vessel,  is  transmitted  equally  in  all  directions — the  total 
pressure  upon  the  walls  of  the  vessel  being  proportional  to 
the  area. 

See  how  the  principle  is  illnatrtited  in  the  exercises 
which  follow. 

EXPEBIUBNT  21. — tTsing  a  single  pressare  gftnge  con- 
taining mercury,  find  how  much  pressure  iu  grams  per 
square  centimeter  yon  can  exert  with  your  longs ;  connect 
3  pressure  gauges  "  in  parallel  "  and  note  the  pressure  as 
indicated  by  each  ;  connect  3  pressure  gauges  "  in  parallel " 
and  note  the  pressure  as  indicated  by  each.    (See  Fig.  18.) 


u  u  u 
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ExFEBiuENT  S3. — Uring  the  appftratoB  represented  in 
Fig.  19,  find  how  man;  poands  (or  grams)  ma;  be  raised 
by  the  pressure  which  you  may  exert  from  your  Imigs. 


Galcnlate  the  area  of  the  mbber  cloth  according  to  the 
formtila  (rr*).  Consider  the  pressttre  exerted  by  the  Innga 
1^  ponnds  per  square  inch.  What  total  pressure  on  the 
rubber  cloth  does  this  represent  ? 


Problem. 

Referring  to  Fig.  80,  suppose  the  tube  to  be  filled  with 
water,  what  is  the  total  force  in  pounds  which  tends  to 
burst  the  cover  of  the  box? 
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IV.  MISCELLANEOUS  APPLICATIONS 
OF  PRINCIPLES 

Examine,  operate,  and  explain  the  pieces  of  apparatus 
illnstroted  in  the  following  flgnres. 

The  Carteiian  Diver. 

EXBKCISE  23.— The  bottle  a  (Fig.  21)  con- 
tains 1  cubic  centimeter  of  air.  If  we  exert  a 
pressure  of  5  pounds  per  square  inch  upon  the 
rubber  top,  what  will  the  volume  of  air  in  a 
become  ?    Will  it  sink  ?    Why  ? 

The  Siphon. 
j.,g  gj  Exercise  24.— Explain  the  working  of  the 

apparatus   illustrated   in   each  of  the   figures 
23-36.    What  is  it  necessary  to  do  to  start  the  action  in 
each  case?    With  what  force  are  the  siphons  in  Figs.  22, 
23,  and  24  operating?    Why? 
"Tantalus  cup," 


fbyCoOglc 


36 


PHTWH'AL  EXPERIMBNTS 


FonntaiiL  Sipltoa 

Exercise  25. — Under  how  great  preeeure  is  the  foun- 
tain (Fig.  26)  operating? 

Why  is  the  rubber  cloth  drawn  downward  into  the 
chimney  ? 

To  what  must  the  tension  of  the  air  in  the  chimney  be 
reduced  in  order  that  the  water  may  be  raised  from  c  to  a  ? 

SpreDgel's  pump. 


FlQ.  24.  Flu.  25.  Fia.  36. 

li  fling  Pump, 

Exercise  S6. — To  what  tension  must  the  air  in  the 
cylinder  of  the  pump  (Fig.  27)  be  reduced  in  order  that 
the  water  shall  rise  to  enter  it  ?  How  much  must  its  vol- 
ume be  increased  to  produce  that  tension.  Ignore  the  vol- 
ume of  air  in  the  tilbe. 

About  how  high  may  water  be  raised  by  a  perfect  pump 
of  this  variety  ?    AVhy  ? 
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Fom  Punp. 

ExEBciaE  27.— Fig.  28.     Why  is  the  flow  of  water  from 
the  jet  continuons,  while  in  the  case  of  Fig.  37  it  was 
intermittent  P 

Bpeidfic  Oiavity  of  Liqoida. 

ExEECiSE  28.— Fig.  29.  By  putting 
the  tnbe  e  to  the  mouth,  elightly  reduce 
the  tension  of  the  air  in  the  two  tubes. 
Pinch  the  rubher  tube,  and  read  and 
record  the  length,  a  b,  of  the  water  col- 
umn, and  the  length,  c  d,  of  the  alcohol 
column.  Compute  from  this  the  spe- 
cific gravity  of  alcohol     Suppose  the 


water  column  were  10  centimeters  high.    How  high  would  a 
corresponding  aulphuric  acid  column  stand  ?  What  ether  col- 
umn would  an  alcohol  column  13  centimeters  high  balance? 
For  table  of  specific  gravity  see  page  42. 
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in  »  Barometer  Tabe. 

ExEKOiSE  39. — Including  atmospheric  and  water  pres- 
Bnre,  what  is  the  preBsnre  in  grams  per  square  centimeter 
at  the  points  a,  b,  c,  d,  and  e.  Fig.  30  ? 


A  column  of  water  1,033  centimeters  high  represents 
the  pressure  of  one  atni.06phere.  What  is  the  tension  in 
grams  per  square  centimeter  of  the  air  in  the  upper  part 
of  the  cylinder  above/? 

When  the  barometer  stands  at  30  inches,  what  is  the 
pressure  inside  the  tube  at  points  10,  20,  and  30  incbes 
above  the  zero  point  ? 
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Hero'i  Fountaia. 

EXBRCI3B  30. — Suppose  the  surface  of  the  water  in  D 
aud  Jf  (Fig.  31)  to  be  75  centimeters  higher  than  that  in 
N,  and  suppose  a  to  be  15  centi- 
meters above  the  surface  of  the 
water  in  M.  If  you  place  your 
finger  on  a,  how  much  pressure  in 
grams  per  square  centimeter  is  ex- 
erted upon  the  surface  of  the  water 
in  M,  and  what  pressure  is  required 
to  atop  the  flow  aX  a? 

Would  the  fountain  flow  at  the 
same  height  whether  the  bottle  M 
were  raised  or  lowered  ? 

What  would  be  the  effect  of 
raising  or  lowering  the  bottle  Di 


Stndenf  I  Lamp. 

ExBBciSE  31.— Fig.  33.     Why  does  the  water  not  flow 
out  of  the  tube  at  a  (Fig.  32) .' 
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FoDstain  Sponge  Cap  or  Ink  WeU. 

ExEBCiss  32. — What  are  the  adTantages  of  a  fonntain 
sponge  cup  or  ink  well  ?    Why  does  not  the  water  in  the 
Bmall  cap  rise  above  a 
(Fig.  33)? 

Conitant  Pre«nix«. 

ExBBCISE     33.— 

What  is   the  pnrpose 

Fio.  88.  of  the  inverted  bottle 

of    water    (Fig.    34)? 

What  does  the  lower  bottle  illustrate 

about  pressure  in  Uqnidg  ? 

Preamre  Gaogef  in  Series  ^^  ^ 

Exercise   34. — Refer  to   Experi- 
ment Zl.    Connect  the  three  pressure  gauges  in  series  (Fig. 
35),  and  predict  how  high  mercury  in  each  will  be  forced  up 
by  the  pressure  which  you  may  exert  with  your  lungs.  Try  it. 


and  compare  the  result  with  your  prediction.     Compare 
this  result  with  that  obtained  in  Experimeat  21,  when  they 

were  connected  in  parallel, 
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1.  A  cubic  loot  of  ice  weighing  56]  pounds  is  floating  in  water, 
luidiivof  its  volume  rises  above  the  surface  of  the  water.  Show 
how  you  may  compnte  from  thU  the  weight  of  a  cubic  foot  of  water. 

i.  Granite  is  about  %k  times  as  heavy  as  water;  how  much  would 
you  be  obliged  to  lift  while  holding  a  cubic  foot  of  it  submerged  in 

S.  A  mercury  pressure  gauge  attached  to  a  water  faucet  registers 
80  inches.  Compute  the  height  of  the  water  in  the  tank  above  the 
mercury  in  the  pressure  gauge,  and  the  pressure  it  eserts  in  pounds 
per  itquare  inch  and  grams  per  square  centimeter. 

4.  How  much  will  a  vessel  weighing  60,000  pounds  have  to  be 
loaded  in  order  that  it  shall  displace  1,000  cubic  feet  of  water  i 

5.  A  certain  spar  is  30  feet  long.  Its  cross  sections  are  circles, 
and  its  avenge  diameter  is  1  foot.  The  specific  gravity  of  the  wood 
is  .0.  What  is  the  buoyant  force  of  the  water  upon  the  spar  t  Bow 
much  iron  (specific  gravity  7.75}  will  be  required  to  sink  it  ! 

e.  How  great  will  the  diameter  of  an  apparatus  like  that  in  Pig. 
18  need  to  be  in  order  that,  with  a  pressure  of  1)  pounds,  it  will  be 
possible  to  lift  a  weight  of  100  pounds  t 

7.  What  would  be  the  buoyant  force,  at  a  height  in  the  atmos- 
phere where  the  barometer  would  register  about  7(  inches,  upon  an 
object  having  a  volume  of  B  cubic  feet  f 

8.  In  a  large  wide-mouthed  bottle  of  water  (Pig.  21)  a  small 
vial  is  inverted,  having  just  enough  air  in  the  upper  part  to  float 
it.  The  weight  of  the  vial  is  8.G  grams,  the  air  which  it  contains  is 
3.S  cubic  centimeters.  What  must  be  the  volume  of  glass  in  it,  and 
what  is  ite  specific  gravity  t  The  rubber  cloth  is  air-tight  over  the 
mouth  of  the  large  bottle.  If  now  we  exert  a  pressure  of  5  pounds 
per  square  inch  upon  the  rubber,  what  will  the  volume  of  the  air  in 
the  vial  become  ?  Will  it  sink  1  If  so,  with  how  much  force  will 
it  press  upon  the  bottom  of  the  large  bottle  t  If  now  we  remove 
the  pressure  from  the  rubber  cloth,  and  pull  upward  upon  it  with  a 
force  of  5  pounds  per  square  inch,  what  will  the  volume  of  the  air 
in  the  vial  become  ?  Will  the  vial  rise  above  the  surface  of  the 
water  in  the  large  bottle  !     If  so,  what  volume  will  emerge  I 

8.  If  an  object  whose  volume  is  1  cubic  foot  weighs  in  air  9S 
gnuna,  what  would  it  weigh  in  a  vacuum  t 
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Table  of  Specific  Gbavitikb,  Weioiitb,  Eqditalbntb,  etc., 

gbbd  ik  the  foeeooino  chapter 

TheM  ralurt  are  appnainutU. 

Specific  graTit;  of  mercur; 18.60 

"  "  alcohol 80 

"  "  salphuric  acid 1.80 

elher, ..: 7* 

Weight  of  1  cubic  incb  of  mercury .80  lb. 

'*  1     "     centimeter  of  mercury...        18.60  gins. 

"  1     "  "  water 1.00  gm. 

"  1     "     footofwater 6i.S0  Iba. 

"  1  liter  of  water 1,000.00  gma. 

"  1    "         air 1.26     " 

*<  1  cubic  foot  of  air 1.S8  OB. 

1  centimeter  =  .8987  in. 
1  inch  =  3.S4  cm. 
1  decimeter  =  10  cm. 
1  meter  =  10  dm. 
1  meter  =  100  cm. 
1  meters:  80.87  in. 
Area  of  cit«le  =  ^7»(w  =  8.1416). 
Volume  of  cyliodLT  =  area  of  cross  section  x  leugth. 
Volume  of  sphere  =  |  wL^. 
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HEAT 

L  Hov  Hbat  is  frosucrd. 

A.  Heat  produetd  by  Friction. 

Experiments  1,  2,  3,  and  4 

B.  Beat  produced  &y  iVeasure. 

Experiments  6,  e,  and  T.    Figs.  1,  2,  sad  8. 

C.  Heat  produced  by  Chemical  Action. 

Experiment  8. 
II.  SoHR  EpFBCTB  OF  Heat. 
Expantiott  of  Qata. 

BiperimentB  9,  10,  and  11.     FigB.  4  and  5. 
Change  of  State. 

Experiments  13  and  IS.     Fig.  7. 
Sxpanaion  of  Liquids— Mereury  Thermometert. 
Experimente  li,  IS,  16,  and  17.    Fige.  8  aod  9. 
Expansion  of  Solid*. 

ExperimenU  18,  and  19.    Fig.  10. 
Evaporation — Digtillation — Dew-point. 
Experiments  30.  21,  23,  28,  S4,  29,  26.  27.  and  26.    Fi^  li 
and  12. 
HI.  How  Heat  is  tkihsfbrked. 

A.  Heai  transferred  by  Conduction. 

Experiments  20,  80,  81,  32,  SB,  34,  and  3S.     ¥\g.  18. 

B.  Beat  transferred  by  Convection. 

Experiments  SB,  87,  and  Sa    Figs.  14. 19. 16, 17,  and  18. 

C.  Heat  transferred  by  Madiation. 

Experiments  39.  40,  41.  and  43.     Figs.  19,  30,  and  21. 
IV.  Spsario  Hut  and  Calorihbtry. 

Experiment  48. 
V.  Latent  Hbat. 

A.  Heat  ditappeara  icAen  Solids  liquefy. 

Experiments  44  and  46. 

B.  Heat  disappears  tehtnLiguids  vaporize. 

Experiment  46. 

C.  Heat  reappears  when  Vapors  liquefy. 

Experiment  47,     Fijt.  32. 

D.  Stat  reappears  wAen  Liquids  solidify. 

Experiment  48. 
Questions  and  Tables. 
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I.  HOW  HEAT  IS  PRODUCED 

A.  Heat  prodncad  by  Tiictioit 

Experiment  1. — Fasten  a  strip  of  tin  to  8  block  of 
wood  and  grind  tbe  tin  upon  etone  or  wood  until  it  is  hot 
enough  to  light  a  small  piece  of  phosphoruB  upon  a  plate. 

Hot  axle  on  cars;  on  wagons.  Mschinerj  wanna  up  while  run- 
ning. What  ia  don«  to  obviate  this  ?  Baw  gets  hot  while  aawing 
wood.  Grease  used  to  reduce  friction,  and  thereby  diminish  heat. 
The  charring  of  a  stick  of  wood  bj  rubbing  it  against  a  rapidl; 
moving  wheel. 

ExPEBiHEKT  3. — Prodaoe  aparks  hy  striking  a  pebble  a 
glancing  blow  against  a  rasp. 

Sparks  produced  by  emery  wheel.  Horse's  shoe  striking  the 
pavement.     Scissors  grinder.     Car  brakes. 

Experiment  3. — Try  to  light  &  friction  niatcb  by  draw- 
ing it  across  first  a  very  smooth  surface  (a  pane  of  window 
glasa),  and  second  a  rather  rough  surface  (a  pane  of  ground 
glass).  Why  does  it  light  more  easily  upon  one  surface 
than  the  other  ? 

Experiment  4. — Bend  a  strip  of  tin  back  and  forth 
rapidly  nntil  it  gets  hot.     Why  ? 

Rocka  fused  hy  Sexing  of  the  eartli's  crust.  Ia  animal  heat  due 
in  any  degree  to  friction  ? 
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.  Heat  produced  I7  PiMnire. 

ExpEBlMENT  5. — With  a  pamp  coBdense  air  in  a  bottle 
containing  a  thermometer  to  indicate  chongeB  of  tem- 


perature (Fig.  1).    ExbauBt 
notice  whether  the  ther- 

EXPEBIHENT    6. — With 
the  rubber   delivery   tube 


air  from  the  bottle,  and 
mometer  falls. 
a    pair    of  forceps    pinch 
(Fig.  3)  to  check  the  floT 


of  steam.     Note  the  effect  upon  the  temperature.     Do  not 
force  the  temperature  above  105"  C. 

Experiment  7. — Notice  difference  in  temperature  in 
the  steam  which  comes  from  two  flasks  (Fig.  3).  The  de- 
livery tube  of  one  la  nearly  closed  and  the  steam  rushes  out 
under  considerable  pressure,  while  from  the  other  it  flows 
slowly.  Try  the  temperature,  both  with  the  hand  and  with 
the  thermometer. 

Steam  jet  from  locomotive.  Fall  of  temperature  when  a  "soda- 
water  "  bottle  is  uncorked.  MaDufacture  of  ice.  latemal  lieAt  of 
the  earth.     Heat  of  the  aun. 
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C.  Heat  prodooed  by  Cbemioal  Aotioii. 

ExPBBiHENT  8. — Hold  in  the  palm  of  one  hand  a  amall 
dish  containing  a  piece  of  quicklime  as  large  aa  a  hen's  egg. 
Add  cold  water,  and  note  the  heat  which  will  be  produced. 
Give  plenty  of  time,  and  note  how  the  heat  increases.  Use 
the  thermometer,  and  see  if  the  temperature  rises  as  high 
as  the  boiling  point  of  water  (100°  C). 

CompoBt  heaps  get  very  warm,  by  reason  of  the  chemical  decom- 
poratioD  that  ie  going  on  in  them.  Piles  of  green  grasa,  new  gnun, 
new  hay,  new  flour,  cotton  with  seed  in  it,  or  oily  cotton  waste  all 
produce  heat  for  the  same  reasoa.    Animal  heat. 


IL  SOME  EFFECTS  OF  HEAT 

Bzpauion  of  Oaiea. 

Seat  acts  like  a  force  within  a  mass  to  drive  its  particles 
farther  apart.    It  expands  gases,  liquids,  and  solids. 

Experiment  9. — Heat  a  flask  filled  with  air,  having  a 
rubber  cloth  tied  air-tight  orer  its  neck  (Fig.  4).    Notice 


that  when  the  flask  is  heated  the  rubber  cloth  bulges  up. 
Allow  the  flask  to  cool  until  jou  can  bear  your  hand  on  it, 
then  pour  cold  water  over  it.  Why  is  the  rubber  cloth 
now  pushed  downward  into  the  neck  of  the  flask  P 
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ExPEBiHENT  10. — Prepare  some  hot  soapBndB.  Kow 
roll  a  tambler  in  the  sads.  Take  it  out  and  shake  once  or 
tirice,  BO  as  to  entrap  in  the  tambler  some 
cold  air.  Then  bring  the  tumbler,  mouth 
downward,  on  a  plate  containing  enough 
soapy  water  to  seal  the  mouth  of  the  tum- 
bler. Why  do  babbles  first  appear  on  the 
outside  of  the  tambler  Y  Elxplain  their  final 
appearance  on  the  iuside. 

This  phenomenon  frequently  occurs  in 
the  kitchen  when  tumblers  are  taken  from 
the  Buds. 

ExPBEiMBNT  11. — Hold  the  bulb  of  the 
air  thermometer  (Fig.  5)  in  the  palm  of 
your  hand  for  a  short  time,  and  note  the 
height  of  the  liquid  in  the  tube.  Rub  the 
palms  of  yonr  bands  together  vigorously, 
and  again  close  one  of  them  around  the 
thermometer  bulb.  Note  the  height  of  the 
liquid  in  the  tube.  The  tube  c  goes  through 
an  ordinary  cork  and  dips  into  some  colored 
liquid  in  the  bottle  b.  Why  does  the  liquid 
rise  in  e  when  the  temperature  falls,  and  fall  in  the  tube 
when  the  temperature  is  raised  ? 

Why  is  an  air  thermometer  so  sensitiTe? 
Hot-air  engloee. 
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Ghang*  of  BUte. 

Heat  changes  solids  to  liquids  and  liguids  to  gatet  bg 
en^naion. 

EXFBBiiJEHT  12. — Melt  some  psrsffiu  in  a  small  cup  or 

jar  over  boiling  water  until  the  cap  is  even  full  of  the  liquid 

parafQn.     Allow  it  to  cool,  and  notice  that  it  contmctB 

very  perceptibly  on  cooling. 

niustrate  by  a  sketch,  and 

designate  it  Fig.  6. 

Why  can  not  paraffin 
and  wax  candles  be  cafit  lu 
a  mold  ? 

£XPEBIHENT  13.— Fill  a 
Fio.  7.  test-tube   about   one   third 

fall  of  water.    Plug  the  tnbe 
by  inserting  halfway  into  it  a  rubber  stopper  that  can  be 
with  difficulty  forced  into  it.     Heat  the  water  in  the  teat- 
tube  until  the  rubber  stopper  is  forced  out  (Fig.  7). 
Steam  eagines. 

Ib^anii^Hi  of  Liqoidi — Meronrr  Thermoineten. 

ExPEBiHENT  11. — Repeat  Experiment  11  with  a  mer- 
cury thermometer.  Find  what  is  the  temperature  of  your 
blood  upon  either  Fahrenheit  or  centigrade  scale,  and 
translate  it  into  the  corresponding  temperature  upon  the 
other  scale.  Do  the  same  with  the  temperature  of  the  air 
in  the  room,  the  water  from  the  faucet,  or  other  specimens 
of  water  which  may  be  furnished  you. 

On  the  centigrade  scale  the  freezing  point  is  0°  and  the  boiling 
point  100°.  On  the  Fahrenheit  scale  the  freezing  point  is  S2'  and 
the  boiling  point  319*.  Therefore  there  are  100°  between  the  freez- 
ing and  boiling  points  on  the  centigrade  scale,  and  180°  between 
the  freezing  and  boiring  points  on  the  Fahrenheit.  Nine  Fahren- 
heit degrees  are  equsil  to  five  centigrade  degrees ;  or,  in  other  words, 
a  centigrade  degree  is  |  of  a  Fahrenheit  degree,  and  a  Fahrenheit 
degree  is  |  of  a  centigrade  degree. 
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ExpEBlHBNl  15. — \otfi  the  size  of  bore  of  the  tube  of 
a  broken  thermometer.  What  is  the  advantage  of  having 
the  tube  bo  email  and  the  bulb  so  large  P  What  advantage 
in  thin  walls  for  the  bulb  ? 

ExPGBiHENT  16. — Determine  the  0  point  on  yonr  cen- 
tigrade thermometer  (or  33°  on  a  Fahrenheit  thermometer) ; 
also  determine  the  100°  point  (or  SIS" 
it).     Use  apparatus  represented  in 
I  for   this    9      purpose. 


Contraction  by  cold  is  in  the  following  ease  more  than 
bi^nced  by  expansion  of  crystallization. 

ExPEBiHENT  17.  —  Fill  a  one-ounce  narrow-mouthed 
bottle  with  water,  cork  it,  and  surround  it  with  a  mixture 
of  ice  and  salt  in  a  tumbler.  In  fifteen  or  twenty  minutes 
the  water  should  have  frozen  and  broken  the  small  bottle. 

Why  does  ice  float  upon  water  ? 

The  ftbove  ezperimeiit  illustrates  the  expaDsioa  ttt  cryatallizatioD 
of  various  aubstBoces— for  example,  type  metat.  What  kind  of 
subetancea  may  be  cnst  in  molds  f 
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Ej^aiulon  of  Solidi. 

ExPEBlMEtTT  18. — ninstrate  the  ezpftDBioQ  of  solids  by 
heating  a  fine  wire  stretched  between  two  supporta. 

ExpEBiuEHT  19. — Heat  two  strips  of  metal,  a  and  b 
(Fig.  10),  as  uniformly  as  possible  by  holding  them  in  a 


flame,  (a  is  a  atrip  of  brasB,  and  b  a  strip  of  iron.) 
Notice  that  the  metals  expand  uneqnaUy.  Which  expands 
the  more  ? 

Examine  a  metal  thermometer,  and  explain  the  principle  upon 
which  it  is  constructed. 


Evaporation — ^DistiUatiDn — Dev-point 

ExPERiifENT  SO. — Warm  a  plate  and  pnt  it  by  the  side 
of  a  cold  plate.  Pat  &  drop  of  water  npon  each,  and  note 
the  time  of  evaporation  in  both  cases. 

Dishes  taken  from  hot  rinsing  water  diy  more  quickly  than 
when  taken  from  cold  water.  Clothes  dry  more  rapidly  when  wrung 
out  of  hot  water  than  cold  water;  when  hung  nekr  a  hot  stove  than 
in  a  cold  room.  The  hoAy  dries  faster  when  coming  from  a  hot  bath 
than  from  a  cold  one. 

Heat  acts  like  a  force  within  a  mass  to  drive  its  particles  farther 
apart,  and  thus  espanda  liquids  into  vapors.  Vapors  condense  to 
liquids  again  on  cooling.  By  this  process  of  distillation  we  are  able 
to  recover  salts  from  solutions. 
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EXPEBIMEKT  31.— Make  h  solution  of  salt  in  water 
(about  half  a  teaBpoonf  al  in  aa  ounce  of  water)  and  distUl  a 
portion  of  it  (Fig.  11).  Taste 
the  solution  and  the  distillate. 
Did  the  distillate  pass  through 
an  invisible  state  in  the  process 
of  distillation  ?  Pour  the  solu- 
tion into  an  evaporating  dish, 
and  evaporate  to  dryness  over 
a  water  bath.  How  does  the 
amount  of  salt  left  compare 
Fia,  11.  with  that  taken  for  the  experi- 

ment? 
The  procera  of  dietillation  is  illuBtratcd  bj  what  goes  on  in  the 
lauodrj.     The  water  evaporates  from  the  boiler,  and  is  condensed 
to  drops  upon  the  window  jiane.     This  process  goes  on  in  a  large 
way  in  Mature— fog,  mist,  clouds,  rain,  and  dew. 

Experiment  23.— In  a  bright  metal  cnp  pnt  water,  and 
add  slowly  small  pieces  of  ice.  Stir  with  a  thermometer, 
and  notice  the  temperature  of  the  water  at  the  moment 
dew  begins  to  appear  upon  the  outside  of  the  cup.  Slowly 
add  water,  stir  continually,  and  notice  the  temperature  of 
the  water  at  the  moment  the  dew  disappears.  If  the  two 
readings  agree  closely  (within  2°),  average  them.  This 
average  temperatnre  is  the  "  dew-point." 

Drops  of  water  upon  an  ice  pitcher.  "  Seeing  the  breath  "  in  a 
cold  atmosphere.  Frost  on  the  window  pane.  The  evaporation 
from  ocean  and  lukes  which  have  no  outlets  must  t«  equal  to  all 
the  water  which  is  supplied  to  them  by  rivers  and  rain. 

ExPERiMBNT  23.— Arrange  the  following  according  to 
the  facility  with  which  they  evaporate  at  the  temperatnre 
of  the  room :  Ether,  alcohol,  water,  gasoline,  benzine. 

Experiment  24. — Cause  mercury  to  evaporate  by  heat- 
ing it  in  a  test-tube.  Notice  the  drops  of  mercury  that 
condense  on  the  cooler  portions  of  the  tube. 
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Some  substances  appear  to  pass  direcUy  from  the  solid 
to  the  gaseous  state  without  passitig  through  the  liquid 
state. 

ExpERiKENT  25. — Heat  a  test-tube  or  flask  for  a  teiw 
momeutB,  and  after  taking  it  from  the  flame  drop  into  it  a 
crystal  of  iodine.  Examine  also  a  bottle  in  vhicb  iodine 
has  stood,  and  notice  evidences  of  evaporation  at  the  ordi- 
nary temperature. 

The  evaporation  of  camphor.  The  evaporation  of  ice  on  cold, 
itindy  days.     Clothea  "  frueziag  dry." 

Halation  of  PreMiin  to  SraporatioiL 

ExPEBiHEifT  26.  —  Breathe  into  two 
8-oance  flasks  so  as  to  clond  them  with 
moisture.  Pump  air  from  one  of  the  flasks, 
and  compare  the  evidences  of  evaporatioii 
in  the  two  flasks. 

ElPERiMBKT  27. — Use  apparatus  repre- 
sented in  Fig.  12.  Heat  the  water  nearly 
to  the  boiling  point,  remove  the  lamp,  and 
connect  the  exhaust  nipple  of  the  pump. 
Take  a  few  strokes,  and  note  the  effect  upon 
the  rate  of  evaporation ;  also  note  the  tem- 
perature as  indicated  by  the  thermometer- 
Exhaust  still  further,  and  see  if  yon  can 
make  water  boil  at  a  temperature,  say,  of 
15°  C. 

Refer  to  Experiment  6.    Temperature  of  water 
in   engine   boilers.     Extraction  of  gelatin  from 
boaea.    Papin's  Digeater. 
Boiling  point  on  mountain  tops.    Vacuum  pans  in  augar  refln- 
ies,  milk  condensers,  etc. 
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SSbot  of  Cnnwiti  of  Air  upon  ErapontloiL 

ElPBBlMENT  28. — Evaponite  drops  of  vater  from  two 
platoB.     BloT  acrosB  one  of  them. 

Clothes  drj  more  quickly  od  wind;  than  on  etUl  daye.    "  Huggy 
days."    Humidity. 


IIL  HOW  HEAT  IS  TRANSFERRED 

A.  BmA  tnuufemd  by  CondnctioiL— Condnaton  Good  and 
Bftd. 

ExpEBiHENT  29. — Heat  at  their  oonjonctioQ  an  iron 
and  a  copper  wire  which  have  heea  linked  together.  Paas 
the  hand  along  each  wire  toward  the  flame  to  determine 
which  is  the  better  condaotor  of  heat.  Bum  a  match  at 
one  end ;  why  is  there  no  heat  perceptible  at  the  other 
end  f  Melt  a  short  piece  of  glass  at  one  end  while  holding 
the  other  end  in  the  hand. 

ExPEBiHENT  30. — Heat  two  iron  wires  in  the  flame — 
one  a  yeiy  thin  wire  taken  from  the  wire  gsnze  to  be  used 
in  the  next  exercise,  and  the  qther  a  thick  one.  Why  does 
the  small  wire  quickly  reach  the  melting  point  of  iron, 
while  the  larger  one  is  scarcely  heated  red  hot  P 

ExpEBiifEin  31. — Hold  in  a  flame  a  piece  of  thin  wire 
gauze  made  of  the  same  wire  as  above,  with  meshes  about 
forty  to  the  inch.  Why  is  it  not  easily  heated  red  hot  ? 
Why  does  not  the  flame  pass  up  through  the  gauze  ?  By 
means  of  a  lighted  match  determine  whether  unbnmed 
gas  is  passing  up  through  the  gauze. 

ExpEKiMENT  32, — Extinguish  the  flame  of  the  Bunsen 
bamer,  lay  the  wire  ganze  over  the  month  of  the  lamp, 
turn  on  the  gas,  and  light  it  above  the  gauze  and  slowly 
raiBe  the  latter.  Why  does  not  the  flame  extend  through 
the  gatue  to  the  mouth  of  the  lamp  P 


fbyCoOglc 


54  PHYSICAL  EXPERIMENTS 

ExPEBiHENT  33. — Uae  apparatus  to  illustrate  the  Miners' 
Safety  Lamp  as  represented  in  Fig.  13.  Light  the  lamp 
and  pass  it  into  a  bottle  of  illuminating 
gas.  Try  bringing  an  unprotected  flame 
to  the  bottle  filled  with  illuminating  gas. 
Explain  these  phenomena  in  the  light  of 
Experiments  31  and  32. 

ExPEBiMEKT  34. — Float  an  evaporat- 
ing dish  upon  a  vessel  containing  a  email 
amount  of  water  (a  beaker  is  convenient). 
Immerse  a  small  thermometer  inverted 
in  the  water,  with  the  bulb  very  near  to 
bnt  not  touching  the  evaporating  dieh. 
Ponr  alcohol  into  the  evaporating  dieh 
Fio.  18.  and  light  it.     Notice  that  the  water  boils 

where  it  comes  in  contact  with  the  sides 
of  the  dish.  How  is  the  thermometer  affected  ?  Tiy  the 
same  experiment  with  the  thermometer  bulb  downward. 
In  each  case,  after  taking  the  thermometer  reading,  atir 
the  water  and  read  again.  Is  water  a  good  or  poor  con- 
ductor of  heatP  Does  the  summer's  sun  heat  bodies  of 
water  to  any  great  depth  ? 

Experiment  35. — Put  a  small  thermometer  into  a  test- 
tube,  and  heat  the  upper  end  of  the  tube  in  the  flame. 
Does  the  air  in  the  tube  conduct  heat  to  the  thermometer? 
Remove  the  flame  and  tip  the  tube  so  that  its  mouth  shall 
be  slightly  below  the  other  end.  Note  the  change  in  the 
thermometer. 

Conducting  and  non-conducting  materials  used  for  clothing; 
used  for  handles  of  Htove  utensils;  wrappings  for  hot  stoDce,  for 
furnaces,  for  steam  pipes.  How  are  the  crops  protected  by  anow  in 
winter  ?    Double  wiadowa  used  in  houses  in  winter  time. 


fbyGoogIc 


PHYSICAL  BXPERIMBNTS 


55 


B.  Halt  tnuufomd  by  CoiiT«oti(m. 

ExFEBiiCENT  36. — Cause  a  current  of  air  to  paes  through 
a  pasteboard  box  by  means  of  two  Argand  lamp  chimneys 
and  a  lighted  candle,  as  in  Fig.  14.     To  detect  the  course 


of  the  cnrrent,  bring  a  smoking  lamplighter  to  the  top  of 
the  chimney  in  which  the  caudle  is  burning.  Then  bring 
it  over  the  other  chimney,  and  explain  why  amoke  goes 
down  that  chimney  and  up  the  other.  Also  cause  a  cur- 
rent of  air  to  pass  through  a  common  lamp  chimney  by 
using  a  cardboard  partition  and  a  lighted  candle,  as  in 
Fig.  15. 

EXPEKIUENT  37. — Place  a  small  flame  under  one  side  of 
a  beaker  with  a  metal  partition  in  it  (Fig.  16).  Drop  in 
flakes  of  something  to  show  convection  currents  in  water. 
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ExPEBlHENT   38. — Illnatrate   bow    currents    of    water 

moTe  into  the  hot-water  tank  by  using  apparatus  like  that 

in  Figs.  17  and  18,  where  A  represents 

the  boiler,  S  the  pipes,  and  the  bomer 

the  kitchen  range. 

Hot-wat«r  pipes  in  the  house.     Winds, 
Land  and  Bcti  breezes.    Ocean 
tilation. 


C.  Hut  tnuufemd  by  Eadiation. 

Pig.  17.  Experiment  39. — Cause  the  radi- 

ometer to  move  by  the  radiation  from 
your  hands ;  by  the  radiation  from  a  cup  of  hot  water. 
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ExpEBiMBNT  40.— Smoke  the  bulb  of  one  air  ther- 
mometer, and  cover  the  bulb  of  another  with  tin  foil.    Hold 
\_^_^^^^^^^^_^    a  basin  of  hot  water  over  them  (Fig. 
7    20).     Which  absorbs   the   most  heat? 
'      Remove  the  tin  basin  and  watch  the 

movement  of  the  liquid  in  each.    Which 
radiates  the  most  heat  P 

ExPEEiMEHT  41.— In  Fig.  21  a  rep- 
resents a  disk  of  wood  well  painted.  A 
hole  is  bored  through  the  center  of  thia 
disk  so  that  it  will  fit  tightly  upon  the 
tube  of  a  Bnnsen  burner.     One  sector 


VT 


of  this  disk  {b)  is  covered  with  tin  foil,  another  sector  (c) 
is  covered  with  thin  sheet  asbestos,  a  third  sector  {d)  is  left 
unprotected.  Light  the  burner  and  support  over  the  flame 
a  basin  of  water.  After  subjecting  it  to  this  radiation  for 
half  an  hour  or  so,  remove  the  coverings  from  the  disk,  and 
note  which  sector  appears  to  have  been  heated  most. 

EsPEBiHENT  12. — Remove  the  flasks  from  the  air  ther- 
mometers (Fig.  20).  Fill  them  with  hot  water  and  note 
their  relative  rate  of  cooling. 

How  do  we  get  heat  from  ao  open  fireplace  f  Would  we  be 
able  to  receive  heat  from  Ihe  flre  if  there  were  do  Ktmosphere  or 
matter  of  any  kind  in  which  conduction  or  convection  could  occur  ? 
How  do  we  get  heat  from  the  sun  t  The  hotbed.  The  greenhouse. 
Whj  do  dew  and  frost  collect  more  upon  aome  things  than  upon 
othera  ?    How  does  snow  protect  crops  f 
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IV.  SPECIFIC  HEAT  AND  CALORIMETRY 

ExpERiusNT  43. — KaTe  300  cnbic  centimeterB  of  water 
at  the  temperature  Of  the  room  in  each  of  two  Teasels 
(calorimeters).  (Bright  metal  cups  will  serve  the  purpose.) 
Note  the  temperature.  In  a  third  Tessel  have  300  cubic 
centimeters  of  water,  with  a  piece  of  lead  in  it  weighing 
200  grams.  Have  a  thread  attached  to  the  lead,  so  that 
you  may  transfer  it  from  one  vessel  to  another.  Cover 
this  third  vessel  to  prevent  loss  of  water  by  evaporation, 
and  heat  it  nearly  to  the  boiling  point  of  water.  Bemove 
the  lamp,  take  the  temperature  of  the  water  (and  lead?), 
and  quickly  transfer  the  lead  to  one  of  the  aforementioned 
vessels  of  vater  and  into  the  other  pour  the  hot  water. 
Stir  the  hot  and  cold  water  together,  and  move  the  lead 
about  for  a  few  momenta  to  make  the  temperature  in  each 
uniform.  Now  note  the  resulting  temperature  in  each. 
Calculate  from  the  above  results  the  specific  heat  of  lead. 
What  are  some  of  the  sources  of  error  in  the  experiment  ? 
Try  the  experiment  over  again,  eliminating  as  many  of  the 
sources  of  error  as  possible.  What  is  the  difference  between 
temperature  and  quantity  of  heat  ? 
58 
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V.  LATENT  HEAT 

A.  Hmt  diiappean  when  Solids  liquefy. 

ExPEBiHENT  44. — Take  the  temperature  of  some  water. 
Wipe  the  thermometer  dry  and  take  the  temperatare  of 
some  fioe  salt.  Mix  salt  in  the  water,  and  take  the  result- 
ing temperature.    ' 

ExpEBiif  BNT  45. — Take  the  temperature  of  some  shaved 
ice.  Mix  salt  with  the  ice,  and  take  resulting  temperatnre. 
Does  the  ice  liquefy  faster  when  mixed  with  salt  than 
otherwise  P  While  it  is  changing  from  solid  to  liqaid,  how 
is  its  temperature  changing?  Why  is  salt  put  upon  icy 
parements  ? 

I^eztng  mixtures. 


B.  Heat  disappean  when  Liquids  vaporlie. 

ExPERTUENT  46. — Take  the  temperature  of  ether  in 
the  bottle.  Put  a  little  in  a  watch  crystal  or  an  evaporating 
dish,  and  note  its  temperature  while  it  is  evaporating. 
Blow  across  it.  Why?  Note  the  temperatnre.  Put  a 
drop  of  water  upon  a  block  of  wood,  and  set  the  watch 
crystal  containing  ether  in  the  water  on  the  block.  Blow 
across  the  ether  until  the  drop  of  water  freezes. 

Ice  machioes.  The  water  batb.  The  double  boiler.  Anima! 
heat  reduced  bj  perspiration.  Sprinkling  with  water  for  the  pur- 
pose of  cooling.  "Muggy  days."  Humidity.  Whj  is  it  difficult 
to  cook  on  a  mouDt-ain  top  ?  Freeziag  produced  by  reducing  the 
pressure. 

S9 
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G.  Heat  TMppeart  when  Tapon  liquefy. 

Experiment  47 — Take  800  grama  of  water  in  a  flaak 
(Fig.  22,  a).  Note  its  temperatnre.  Pass  steam  into  it 
from  another  flask  (b)  until  its  temperature  rises,  say,  50°. 
Weigh  to  find  bow  much  water  has  been  added  by  con- 


densation of  steam.  How  many  nnits  of  heat  bare  been 
added  to  the  flaek  ?  How  many  are  due  to  the  liquefying 
of  the  steam  F  How  many  units  of  heat  for  each  unit  of 
steam  liquefied  ?  (The  stopper  in  a  must  have  holes  to 
permit  of  ready  expansion.) 

Steam  beating  of  buildings.     Temperatuie  in  tbe  center  of  a 


D.  Heat  rea^tean  when  Liquids  Hlidify. 

ExPEBiHENT  18. — Put  27  grams  of  sodium  sulphate  into 
50  grama  of  water  in  a  flask,  heat  to  34°,  and  stir  until  all 
is  disBolved.  Allow  it  to  stand  very  quietly,  so  as  to  cool 
without  depositing  crystals.  When  it  has  cooled  to  the 
temperature  of  the  room,  put  a  thermometer  into  the  liquid 
and  Btir.  Note  the  rise  in  temperature  as  the  sodium  sul- 
phate deposits. 

Temperature  in  tbe  center  of  n  snowBtorm.  Tubn  of  water  put 
in  a  cellar  to  keep  vegetables  from  freezing.  Large  bodies  of  water 
in  freeziog  modifj  the  climate. 
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QUXSTIOHH 


I.  Describe  some  experiments  illuBtratiag  changes  of  tempera- 
ture produced  by  cliemical  action,  b;  friction,  aad  by  diBBolving  a 
solid  in  a  liquid. 

3.  Explain  bow  it  is  that  snow  protects  v^etation  in  winter. 
Will  wnpping  a  thermometer  in  wool  moke  it  warmer  ?  Wli;  do 
woolen  blankets  keep  the  body  warm  ! 

8.  How  do  laige  bodies  of  water  modif;  the  climate  about  themt 
Explain. 

4.  Why  b  it  wanner  in  the  cent«r  of  a  fltorm  than  in  its  out- 
skirts i 

6.  Why  does  the  skin  feel  cold  wheo  moiateoed  with  aJcohol  ? 
Why  does  it  feel  cooler  after  being  moisteued  with  warm  water 
than  with  cold  water  t 

6.  Why  does  a  mixture  of  ice  and  salt  freeze  water  ? 

7.  Explain  the  use  of  double  doors  and  windows  in  winter. 

8.  Why  is  it  possible  to  hold  one's  hand  in  the  steam  coming 
from  a  locomotive  boiler,  when  the  temperature  of  the  water  inside 
the  boiler  may  be  far  above  818°  P. )  How  is  it  possible  to  raise 
waUr  above  312°  F. ! 

9.  Explain  how  it  is  possible  for  fish  to  live  all  winter  in  the 
lakes  of  cold  regiona,  where  the  thermometer  falls  below  zero. 

10.  A  liter  of  hydrogen  gas  weighs,  at  0°  and  76  centimeters, 
about  .089  grams.  Calculating  from  these  data,  in  a  certain  quanti- 
tative experiment,  one  expected  to  obtain  300  cubic  centimeters  of 
hydrogen.  How  many  cubic  centimeters  might  actually  have  been 
collected  when  the  thermometer  stood  at  20°  C.  and  the  barometer 
at  75  centimeters  f 

II.  How  many  grams  of  lead  nill  be  needed  to  give  off  as  much 
heat  in  cooling  through  10°  as  will  be  given  off  by  100  granu  of 
water  in  cooling  through  10*  ? 

13.  If  equal  weights  of  water  at  20°  and  mercury  at  70°  were 
poured  together,  what  would  be  tlie  resulting  temperature  ? 

18.  Through  how  many  degrees  could  100  grams  of  water  be 
heated  by  the  amouot  of  heat  given  off  by  the  melting  of  10  gratns 
of  ice  ?  How  many  heat  units  would  it  take  to  change  into  steam 
the  water  formed  by  the  melting  of  the  ice  1 
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Tables  fob  Rsfesesce 

To  trenslate  one  thermometer  scale  into  aoother. 

C  =  4  (F-  -  82). 
P  =  |C.  +  88. 

Boiiinf  FaiiUt 

Ether BT 

Alcohol 70* 

Water 100° 

Hercur; 868* 


Copper 095 

Iron I« 

Lead 081 

Mercury 088 

Lat^U  Heat  of  Vaporvatxm^ 

Ether 90 

Alcohol 808 

Water 687 

Latatt  S«at  of  Futioa 


CotffieUtttt  of  Eipantion  {Linear) 

Copper 000017 

Iron  (cast) 0000113 

Iron  (wrought) 000018 

Coegiamt  of  M^tantion  (Cubical) 
Ghbcb 00866 
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MAGNETISM  AND  ELECTRICITY 

A.  MAaNZTS. 

I.  Ifatural  and  Arlificiat  Magnets.  * 

Experiments  1,  2,  8,  and  4 
n.  Induced  Magneti&m. 

Experiments  6,  6,  and  7.    Pig.  1. 
IIL  The  Molecular  Theory  of  Magnela. 
Eiperimente  B,  S,  10,  and  11. 

B.  Static  Elbctbicity. 

I.  Turn  Kinde  of  Eleclrifiealion. 

Experiments  IS,  13,  14,  &nd  IS,    Pig.  2, 
IL  Conduction. 

Experiment  16.    Fig.  8. 

III.  Induction. 

Experiments  IT,  18,  and  19.    Fig.  4 

IV.  Eleelrieai  Diatrifmlion. 

Biperiments  20  and  21. 
V.  Applieation  of  PrineipUe. 

Experiments  22,  33,  and  34 

C.  Electkic  Currbstb. 

1.  The  Battery  Cell 

Experiments  26  and  26. 
II.  To  detect  the  Preeenee  of  an  Electric  Current  and  its  Dire^ 

Experiments  27  and  28. 
IIL  S(yme  Effects  of  Electric  Currents. 

A.  Chemical  Effects. 

Eiperimente  29,  80,  81,  and  S3.    Fig.  5. 

B.  Heating  Effects. 

Experiments  83  and  84 

C.  Magnetic  Effects. 

Experiments  85,  36,  87,  86,  89,  40,  and  41. 
IV.  Eleelrieai  Measuremenle. 

Eiperiments  43,  48,  44.  46,  48,  47,  48,  49,  60,  51,  58,  and  68. 

V.  Induction. 

Experiments  64,  5S,  and  56. 
Qaeations.    Tables. 
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MAGNETISM  AND  ELECTRICITY 

A.    MAONETa 

I.  Votaral  and  Artificial  M^neta. 

Experiment  1. — Dip  a  piece  of  magnetite  into  iron 
filings.     Find  whether  the  filings  cling  to  opposite  parts. 

EsPEKiMENT  2. — Suspend  the  piece  of  magnetite.  Note 
whether  one  part  of  it  is  inclined  to  point  north, 

ExPEKiUENi  3. — Find  a  spot  on  the  magnetite  where 
iron  filings  cling  most  abundantly  and  lay  this  spot  upon 
one  end  of  a  jt^eef  needle  and  draw  it  to  the  other  end  of  the 
needle.  Repeat  this  several  times,  always  in  the  same  direc- 
tion. By  means  of  the  iron  filings  find  whether  the  needle 
has  become  a  magnet.  Try  the  same  ezperiment,  using  a 
piece  of  soft  iron  wire  in  place  of  the  needle. 

ExPERlUENT  4. — Having  magnetized  a  needle,  find  out 
whether  this  needle  will  magnetize  other  needles. 

II.  lodooed  XagnetUm. 

ExPEBiMEST  5, — While  holding  one  end  of  a  bar  magnet 
near  one  end  of  a  short  rod  of  iron,  test  the  power  of  the 
latter  to  lift  iron  filings.  Remove  the  magnet.  How  is 
the  iron  affected  ? 

Experiment  6.— Bring  the  horseshoe  magnet  near  to  a 
suspended  rod  of  soft  iron  so  that  a  pole  of  the  magnet  is 
underneath  each  end  of  the  iron  rod,  Now  by  meane  of  a 
bar  magnet  test  the  iron  rod  for  polarity. 
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EsFESiKENT  7. — Support  in  a  vertical  position  a  glass 
tube  aboDt  three  inches  long  and  one  eighth  of  an  inch  in- 
ternal diameter  by  fitting  one  end  of  it  into  a  cork  large 
_  enongh  to  serve  as  a  base.     Fill  the 

tnbe  with  pieces  of  soft  iron  wire  of 
nnif  orm  aise  (aay  a  quarter  of  an  inch 
long).  Find  how  many  bits  of  iron 
each  pole  of  a  bar  magnet  will  lift, 
and  try  the  power  of  the  magnet  at 
varionB  points  between  the  poles. 
Lay  a  second  bar  magnet  upon  the 
first  with  like  poles  together  and  re- 
peat the  eiperiment.  Bepeat  the 
experiment,  having  unlike  poles  to- 
gether. Place  one  pole  of  a  magnet 
upon  the  upper  end  of  the  glass  tube 
_      -  and  place  the  opposite  pole  of  an- 

other magnet  against  the  side  of  the 
tube  an  inch  or  two  below  the  upper  end.  Try,  now,  the 
power  of  the  upper  magnet  to  lift  bits  of  iron.  Beverse 
the  poles  of  the  lower  magnet  and  try  again. 


III.  ThB  HolMmlar  Tbeoiy  of  Ifagorta. 

ExPEBiMENT  8. — Magnetize  a  sewing  needle,  present  It 
to  iron  filings.  Heat  it  red  hot ;  now  again  teat  its  magnetism 
by  means  of  iron  filings,  or  test  it  by  means  of  the  apparatus 
described  in  Experiment  7. 

ExPEKiMENT  9. — Magnetize  a  knitting  needle,  test  its 
magnetism  by  the  apparatus  described  in  Experiment  7. 
Drop  it  upon  the  floor  several  times ;  now  test  its  magnetism 
again. 

ExpEBiHENT  10, — Magnetize  a  saving  needle;  test  it  for 
poles  and  a  neutral  point.  Break  it  at  the  neutral  point ; 
test  for  new  poles  and  neutral  point.  Break  again  at  neu- 
tral point  and  test  for  new  poles. 
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ExPEBiHEiTT  11. — Place  two  bar  magnetB  aboat  an  inch 
apart  with  like  poles  adjoining.  Cover  tbem  with  a  piece 
of  glass.  Sprinkle  fine  iron  filings  thinl;  over  the  glass, 
tapping  the  glass  oocasionally  to  assist  the  filings  in  ar- 
ranging themselves.  Draw  a  sketch  to  illnetrate  the  ar- 
rangement of  the  filings. 

Repeat  the  experiment,  placing  unlihe  poles  of  the  mag- 
net adjoining  each  other.  Repeat  the  experiment,  using  a 
horseshoe  magnet  instead  of  a  bar  magnet. 


B.  Static  Eleotricity 

I.  Two  Kinds  of  Eleotrifioatioa 

EXPEBIUBNT  13. — Make  a  stick  of  sealing  wax  slowly 
approach  and  touch  a  pith  ball  suspended  upon  a  silk 
thread   (Fig.  2).     Now  do  the 
same  after  having  rubbed  the 
sealing  wax  with  fi&niie].     B; 
sliding  the  silk  thread  make  this 
pith  ball  slowly  approach  and 
tonch  another  pith  ball  suspend- 
ed in  the  same  manner.    Make 
the  stick  of  sealing  wax  slowly 
approach  and  touch,  if  it  will, 
each  of  the  pith  balls  again.    Be 
careful  not  to  touch  either  of  the  pith  balls  with  your  hand 
during  the  exercise. 

ExPEBiMEKT  13. — (Before  beginning  this  exercise  tonch 
each  pith  ball  with  your  hand  to  discharge  any  electricity 
which  may  have  been  left  in  it  from  the  last  exercise.) 
Repeat  the  foregoing  exercise,  using  a  glass  tube  and  silk 
in  place  of  the  stick  of  sealing  wax  and  fiannel. 


9     O 
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EzPBBiKBirc  14. — Discharge  with  the  hand  if  necessary 
the  two  pith  halls.  Suspend  them  Bereral  inches  apart. 
Electrify  one  by  means  of  the  sealing  wai  and  the  other  by 
means  of  the  glass  tube.  Now  make  the  glass  tabe  approach 
but  not  touch  the  first  pith  ball,  and  the  stick  of  Beallng  wax 
approach  but  not  touch  the  second  pith  ball.  Also  make 
the  pith  balls  approach  each  other  by  sliding  the  silk 
threads. 

ExpBBiHBKT  15. — Charge  one  pith  ball  positively  and 
the  other  negatively.  Knb  the  glass  tube  with  a  silk  cap 
to  which  is  attached  a  silk  thread  by  means  of  which  the 
cap  may  be  drawn  off  the  tube.  Make  the  cap  approach 
but  not  touch  each  pith  ball  in  tnm.  Is  the  silk  cap  electri- 
fied?   How?    What  ie  the  proof? 

Rub  the  stick  of  sealing  wax  with  a  flannel  cap  and  by 
means  of  a  silk  thread  attached  to  it  make  it  approach  hit 
not  touch  each  pith  ball  in  tnm.  Is  the  flannel  cap  elec- 
trified ?    How?    What  is  the  proof? 

II.  Cmdoetion. 

ExPEBiHENT  16. — Electrify  a  stick  of  sealing  wax  and 
touch  it  to  the  silk  thread,  a  $  (Fig.  3).    Do  the  pith  balls 
at  either  e  or  /  separate  P 
J  f,        rf  Slide  the  stick  of  seal- 

ing wax  over  to  the  cop- 
per wire,  b  c.  Do  the 
pith  balls  at  either  e  or  / 
separate  now  ?  (Those  at 
/  are  suspended  by  cop- 
per wires  and  those  at 
e  are  suspended  by  silk 
threads.) 

Uoisten  the  silk  threads  which  suspend  the  pith  balls 
at  e.  Try  now  to  conduct  electricity  to  them  by  touch- 
ing the  copper  wire,  b  c,  with  the  electrified  stick  of  seal- 
ing wax. 
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III.  lodootioiL— Tlis  Inflaenoe  of  ELectrifled  Bodiw   apoa 
NB^bborin^  Oljeota. 

Experiment  17.— Bring  an  electrified  stick  of  aealing 
wax  andemeath  a  pith  ball,  e  (Fig.  4),  suspended  by  a  copper 
wire.  Make  the  sealing  wax  approach  very  near  to  the 
pith  ball,  but  do  not  allow  it  to  touch.  While  holding  the 
sealing  wax  near  to  e,  lift  the  pith  ball/,  which  is  also  sus- 
pended by  s  coppc?  wire,  off  from  the  copper  wire,  be,  and 


O     Q 


hang  it  upon  the  silk  thread,  cd.  A  loose  piece  of  silk 
thread,  g,  is  provided,  so  that  this  may  be  done  without 
touching  the  copper  with  the  fingers.  Test  now  each  ball 
with  both  glass  and  sealing  was  to  determine  whether  it  is 
positiTely  or  negatively  electrified. 

EXPBEIMENT  18.— Hold  an  electrified  stick  of  sealing 
wax  near  to  but  not  touching  a  pith  ball  snepended  by  a 
silk  thread.  Touch  the  pith  ball  with  the  finger  while  it  is 
near  the  sealing  wax.  Test  pow  the  pith  ball  with  both 
glass  and  sealing  wax  to  determine  whether  it  is  positively 
or  negatively  electrified. 

ExPEBiUENT  19, — Can  you,  by  means  of  an  electrified 
glass  tube,  charge  a  pith  ball  suspended  upon  a  silk  thread 
either  positively  or  negatively  at  pleasure  ?    Try  it. 
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IV.  Xleotiical  Distribatiim. 

EXPEBIMENT  20. — Hold  a  glaad  tube  by  the  hftnd  pl&ced 
midway  betweeo  the  two  ends,  and  rub  one  end  with  silk. 
By  me&UB  of  a  positively  electrified  pith  ball  determine 
whether  the  other  end  of  the  gloea  tube  is  also  electrified. 
Explain. 

ExPEBlHENT  SI.— Electrify,  by  touching  it  several  times 
with  an  electrified  glass  tube,  or  the  electrophorns,  a  small 
tin  cup  insulated  upon  a  glasa  beaker.  Test  both  the  inner 
and  enter  surface  of  the  cup  by  means  of  a  positively  elec- 
trified pith  ball.  Compare  also  the  intensity  of  the  charge 
in  the  handle  with  that  upon  the  outer  surface  of  the  cup. 

V.  Applioation  of  TrinoiplM. 

ExPEBiuENT  22. — Use  an  electrophorus  to  charge  a 
Leyden  jar  so  that  its  outer  coat  sh^l  be  first  positively 
charged,  then  negatively  charged. 

EXPBBIBENT  23.— Pass  ten  or  twenty  sparks  into  a 
Leyden  jar  from  on  electrophorus  and  then  discharge  it 
through  your  body. 

ExpEBiMENT  34. — Light  the  gas  by  means  of  a  spark 
from  a  Leyden  jar. 

C.  Electric  CiTBBEirrs 
I.  Tbe  Bftttery  CdL 

ExPEElUBSr  25.— Dip  a  strip  of  zinc  into  dilute  sul- 
phuric acid  (1  Tolame  of  acid  to  20  volumes  of  water)  in  a 
tumbler.  Note  the  bubbles  of  hydrogen  which  form  upon 
its  surface.  Dip  s  strip  of  copper  into  the  acid,  and  note 
that  bubbles  do  not  form  upon  its  surface.  Allow  the  ends 
of  the  stripe  which  extend  above  the  liquid  to  touch  each 
other.  Xote  that  bubbles  of  gas  now  form  also  upon  the 
strip  of  copper.      Amalgamate    the   zinc  with  mercury. 
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Note  that  few,  if  any,  hydrogen  bubbles  are  now  prodnced 
upon  the  surface  of  the  zinc,  but  when  the  upper  ends  of 
the  zinc  and  copper  touch,  hydrogen  babbles  appear  upon 
the  latter.  Drop  sodium  bichromate  into  the  solution 
nntil  hydrogen  hubbleB  disappear  from  the  copper  strip. 
If  the  strips  are  aJlowed  to  remain  in  the  acid  with  the 
upper  ends  connected,  it  will  be  found  that  the  zinc  waatea 
away  while  the  copper  remains  undiminished.  What  are 
the  eeeentiaU  of  a  battery  cell  ? 

ExFEEiUENT  36. — Examine  a  Samson  or  other  cell  and 
explain  how  it  fnlfills  the  essential  requirements  of  a  bat- 
tery cell. 

II.  To  detect  ths  Preeenm  of  an  Eleatrio  Carr«nt  and  tU 

SliMtion. 

Experiment  27. — Place  a  cell  so  that  the  carbon  pole  is 
due  north  of  the  zinc  pole.  Connect  them  by  a  short  piece 
of  copper  wire,  which  will  He  in  the  magnetic  meridian. 
Hold  a  compass  needle  over  this  wire,  and  note  in  which 
direction  its  north-seeking  pole  is  deflected.  Hold  the 
compass  needle  underneath  the  wire,  and  note  in  which 
direction  the  north-seeking  pole  is  deflected.  Do  not  leave 
the  copper  wire  in  circuit  longer  than  is  necessary. 

Experiment  28. — From  the  data  obtained  in  the  pre- 
vious experiment,  determine  by  meana  of  a  compass  needle 
in  what  direction  an  electric  current  is  passing  through  a 
given  wire. 

III.  flome  Effeota  of  Electric  Cnrrenta. 

.   A.  Chemical  Effects 
Experiment  39. — Attach  carbon  terminals  to  the  wire 
connected  with  a  battery.    Dip  them  into  a  solution  of 
copper  sulphate,  not  allowing  them  to  touch  each  other. 
Notice  what  occurs  on  each  electrode. 
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ExPEBiuENT  30. — PasB  aD  electric   cnrrent    through 

water  in  the  apparatus  provided  for  the  electrolysis  of 
water.  Continue  the  operation 
until  one  of  the  tuhes  is  fall  of 
gas.  Note  at  this  point  how  much 
gas  the  other  tube  contains.  Test 
these  gases  for  hydrogen  and 
oxygen. 

Experiment  31. — Spread  up- 
on a  sheet  of  tin  a  piece  of  paper 
moistened  in  a  solution  of  starch 
and  potassiotn  iodide.  Press  one 
terminal  against  the  metal  sheet, 

Fio.6.-ElectrolyriB  of  water,  an^  ^^^  t^e  Other  draw  some 
characters   upon   the   moistened 

paper.    What  evidence  have  you  that  the  potassium  iodide 

has  been  decomposed  ? 

Experiment  33. — Repeat  Exercise  39,  and  immediately 

after  disconnecting  the  battery,  place  an  electric  bell  in  the 

circuit  in  its  stead. 
Storage  batteries. 


B.  Heating  Effects 

Experiment  33. — Send  the  current  through  two  or 
three  inches  of  fine  iron  or  Gterman  silver  wire  wound 
around  the  bulb  of  a  thermometer  or  touching  a  cake  of 
paraffin. 

Experiment  34. — Connect  the  copper  and  the  zinc  of 
the  cell  used  in  Experiment  35.  Take  the-  temperature  of 
the  liquid,  and  while  the  zinc  and  copper  remain  connected 
note  the  behavior  of  the  thermometer  from  time  to  time. 
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C.  Magnetic  Effects 

Recall  Experiments  27  and  28. 

EsPERiHGNT  35. — While  paBBiug  a  current  through  a 
Bmall  helix  of  wire,  test  it  for  magnetism  by  bringing  it 
near  to  a  magnetic  needle. 

Experiment  36. — Place  an  iron  core  inside  the  helix 
and  close  the  circuit.  For  evidence  that  the  iron  core  is 
magnetized,  present  it  to  some  bits  of  iron. 

ExFERiuENT  37. — Label  one  end  of  the  helix  n,  and 
decide  which  end  of  the  wire  must  be  connected  with  the 
positive  pole  of  a  battery.  Send  the  electric  current  through 
the  helix,  and  by  means  of  the  compass  needle  determine 
whether  your  prediction  is  correct.  Record  your  predic- 
tion before  the  experiment,  and  the  result  afterward.  Place 
the  iron  core  inside  the  helix  and  repeat  the  experiment. 
(The  end  of  the  helix  around  which  the  current  ia  passing 
opposite  to  the  hands  of  a  watch  is  the  north  pole.  The 
end  around  which  it  is  passing  with  the  hands  of  a  watch  is 
the  south  pole.) 

Experiment  38.^Examine  and  trace  the  path  of  the 
current  through  a  telegraph  sounder. 

Experiment  39. — Examine  an  electric  bell  and  trace 
the  path  of  the  current  through  it.  Send  Uie  current 
through  it  so  as  to  make  a  "  single-fltroke  "  bell ;  a  "  clat- 
ter "  bell,     ninstrate  by  diagrams. 

Experiment  40. — Trace  the  path  of  the  current  through 
an  electric  motor. 

Experiment  41. — Examine  and  explain  the  tangent 
galvanometer. 
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IV.  Xleotrioal  Heamranenta, 

In  all  measurements  vhere  a  tangent  galvanometer  is 
ased,  throw  in  enough  extra  reBistance  to  bring  the  deflec- 
tion of  the  needle  below  45°.  Slight  changee  in  resietance 
will  then  be  more  readily  detected  by  the  needle.  Why  ia 
thia  true  P 

ExPEElMENT  43. — Measure  by  meaiiB  of  a  micro-caliper 
the  diameter  of  each  of  the  Bpecimens  of  wire  furnished 
you,  and  determine  ita  number  by  referring  to  the  table  on 
page  78.     Test  your  result  by  using  a  wire  gauge. 

EXPEBIMENT  43. — Find  the  resistance,  and  from  that 
calculate  the  length  of  wire  on  each  of  several  spools  con- 
taining wire  of  known  number  and  known  material.  Pro- 
ceed in  the  following  manner  :  Pass  a  current  from  a  single 
cell  through  each  spool  in  turn,  connecting  the  spool,  a 
galvanometer  (tangent),  and  a  resistance  box  in  series. 
By  means  of  the  latter  introduce  enough  extra  resistance  to 
bring  the  deflection  of  the  needle  to  a  point  below  45*. 
Note  the  deflection.  Remove  the  spool  from  the  circuit, 
and  the  galvanometer  needle  will  be  deflected  more  than 
when  the  spool  was  in  circuit.  Add  resistance  enough  to 
send  the  needle  back  to  its  former  deflection,  and  the 
amount  of  resistance  added  will  be  that  offered  by  the  wire 
upon  the  spool. 

Suppose  it  were  found  that  the  wire  (known  to  be  cop- 
per Ko.  34)  on  one  spool  offered  0.5  ohms  resistance.  Then, 
aa  resistance  varies  as  the  length  (see  text-book  for  laws  of 
resistance),  and  as  it  takes  39  feet  of  Xo.  34  copper  wire  to 
offer  a  re»it<tance  of  1  ohm  (see  data  on  page  77),  it  must 
take  0.5  of  39  feet  to  offer  0.5  ohms  resistance. 

ExPEBiMENT  44. — Calculate  the  resistance  of  your  gal- 
vanometer, containing  wire  of  known  number  and  material. 
Measure  the  diameter  of  the  coil,  and  from  that  compute 
the  length  of  the  number  of  turns  of  wire  (see  data  on 
page  77). 
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Suppose  the  Tire  were  No.  33  (diameter  36),  and  that  the 
length  of  wire  were  found  to  be  24  feet.  Then  as  reBiatance 
varieB  inversely  as  the  square  of  the  diameter,  and  as  it 
takes  39  feet  of  No.  34  copper  wire  (diameter  30)  to  offer  a 


39  feet  of  N^o.  33  wire  to  offer  a  resistance  of  1  ohm,  or 
about  60  feet.  Then  34  feet  of  this  wire  will  offer  ft  of  1 
ohm,  or  about  0.4  of  an  ohm  resistance.  Test  the  calcu- 
lated result  bjr  sending  a  current  through  the  galyanometer 
connected  with  another  galvanometer.  Treat  the  first  gal- 
Tanometer  as  though  it  were  one  of  the  spools  in  £xperi- 
ment  43,  and  find  its  resistance.  Compare  this  result  with 
the  calculated  result. 

ExpBRiHENT  45. — Find  the  internal  resistance  of  yonr 
battery  cell  by  connecting  it  with  the  galvanometer  and  a 
known  amount  of  extra  resistance  (say  2  ohms),  and  noting 
the  deflection  of  the  needle.  Refer  to  the  table  of  tan- 
gents (page  7S),  and  find  what  deflection  of  the  needle 
indicates  one  half  the  corrent  that  is  now  passing.  Add 
resistance  until  the  needle  ia  defiected  to  this  point.  If 
the  current  has  been  decreased  to  one  half,  the  resistanoe 
has  been  doubled. 
For  example ; 

Let  X  =  internal  resistance  of  cell. 
"    .4  =  resistance  of  galvanometer. 
Let  3  ohms  =  extra  added  resistance. 
Then  suppose  a:  -|-  .4  -|-  3  deflects  galvanometer  to  45°. 
Tangent  of  45°  =  1.000. 
i        «        "   »    =0.500. 

Deflection  represented  by  tangent  ,6  =  27". 
Now  add  resistance,  and  suppose 

2  +  .4  4-  3  -j-  3.6  deflects  galvanometer  to  37°. 
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a:  +  .4  +  8  =  2.6 

a:  =  2.6  -  2.4 

x=^   .%  =  internal  resistance  of  batter;  cell. 

ExPEBiMBST  46. — By  comparing  with  some  etandard, 
find  how  much  yoor  gftlvanometer  needle  is  deflected  for  1 
ampdre  of  carrent,  then  bj  referring  to  the  table  of  tangents 
make  a  table  showing  what  strength  of  cnrreDt  is  indicated 
by  the  defiection  of  your  needle  for  each  degree  from  85° 
to  36°  when  fifteen  turns  of  wire  are  used  upon  your  gal- 
vanometer ;  also  when  fire  tarns  are  used. 

ExPEBiUENT  47. — M^e  a  table  showing  the  electro- 
motive force  of  your  cell  in  each  of  the  following  cases : 
Use  15  tarns  of  wire ;  close  the  circuit  through  the  galva- 
nometer alone;  add  half  an  ohm  of  resistance,  add  one 
ohm,  add  3,  3,  4,  etc.,  to  10  ohms.  Does  the  £.  M,  F.  Tory 
with  the  resistance  ? 

From  Ohm's  law : 

C  =  ^,  therefore  E  =  B  C. 


EspEBlHENT  48. — Connect  your  cell  with  the  voltmeter 
instead  of  the  galvanometer,  adding  from  0  to  10  ohms  of 
resistance,  and  notice  whether  the  E.  M,  F.  varies. 

ExPEBiMEXT  49. — Choose  two  cells  which  are  as  nearly 
alike  as  possible  in  £.  M.  F.  Connect  them  in  series  and 
first  calculate  as  nearly  as  you  can  the  amount  of  current 
which  they  will  send  through  6  turns  of  wire  on  the  gal- 
vanometer and  2  ohms  of  added  resistance,  then  close  the 
circuit  and  find  how  the  result  compares  with  your  esti- 
mate. 

Series  arrangement : 

(E.  M.  P.)  X  (Number  of  CelU) 

(Internal  Beaistftnce)  x  (N'umbcr  of  Cells)  +  External  Resistance 
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ExPEBiHENT  50. — Connect  the  cells  in  parallel  and  re- 
peat the  foregoing  exercise,  with  the  exception  of  the  csl- 
cnUtion,  which  it  will  not  be  neceBsar;  to  make,  unless  the 
cells  are  alike  in  E.  M.  F.  and  internal  resistance. 

Fuatle]  amngement : 


Number  of  Cells 


ExPEBiifEKT  51. — Use  the  ammeter  in  place  of  the  gal- 
vanometer and  find  out  whether  these  two  cells  send  more 
current  through  it  when  connected  in  series  or  in  parallel. 

(a)  Without  added  resistance. 

(5)  With  added  resistance  of  0.5  ohms. 

ExPEEiMENT  58.— Find  about  what  current  is  required 
to  operate  the  pieces  of  apparatus  furnished  you.  (Electric 
bell,  small  motor,  electrolysis  apparatus,  etc.)  Knowing 
the  E.  M.  F.  and  internal  reaistance  of  your  cell,  the  resist- 
ance of  the  galvanometer,  and  the  amount  of  current  indi- 
cated by  the  deflection  of  the  needle,  calculate  the  resistance 
of  the  apparatus  used.  What  arrangement  of  battery  is 
desirable  ? 

.  ExPSBiHENT  63. — Connect  two  motors  with  a  rubber 
band.  Operate  one  with  a  battery  and  connect  the  other 
with  the  galvanometer  to  see  whether  it  is  producing  a 
current  as  a  dynamo.  If  so,  how  much?  What  is  its 
electro-motive  force  ?  How  much  current  is  used  in  the 
first  motor  ? 


V.  IndoctioiL 

Experiment  64. — Examine  and  explain  the  telephone. 

ExpERiUENT  55. — Examine  and  explain  the  magneto- 
electric  machine  used  for  telephone  calls. 

Experiment  66.— Operate  the  hand  dynamo  and  see 
whether  it  goes  harder  when  ita  current  is  made  to  do  work. 
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aacli  as  decompoBing  water,  heating  a  wire,  riaging  a  bell, 
operating  a  motor,  etc. 


1.  How  would  ;ou  distinguish  between  a  mofrntlie  n^Mtanet  and 

9.  Whj  do  iron  fllingg  cling  only  to  the  ends  of  a  needle  that 
has  been  made  a  magnet  ? 

8.  How  Li  it  possible  to  charge  a  pith  ball  poutivel;  bj  using 
sealing  wax  and  flannel ) 

4.  Upon  what  does  the  electro-motive  force  of  a  battery  cell  de- 
pend  t    Upon  what  does  the  quantity  of  a  current  depcud  ? 

8.  What  is  meant  by  polarization !  What  meane  are  taken  to 
prevent  it  t    Why  is  it  uecesBar;  to  prevent  it ) 

Q.  In  the  process  of  electroplating,  to  what  pole  is  it  necessary 
to  connect  the  object  to  be  plated  f    Why  f 

7.  By  means  of  a  compass  needle,  how  would  you  detect  the 
direction  of  a  current  through  a  wire  t 

8.  A.  certain  spool  containing  copper  wire  No.  24  oflers  a  resist- 
ance of  0.3  ohms.  What  is  the  length  of  wire  on  the  spool  t  How 
much  current  would  a  battery  cell  with  an  internal  resistance  of  0.1 
ohm  and  an  E.  H.  F.  of  0.8  volts  send  through  this  spool  t 

9.  Why  is  a  "series"  arrangement  of  batteries  generally  desir- 
able t    When  would  a  ' '  parallel "  arrangement  f umisli  more  cuirent ! 

Data 

80  feet  of  No.  24  oopper  nire  offers  1  ohm  resistance. 

Resistance  is  proportional  to  length. 

Resistance  is  inversely  proportional  to  the  square  of  the  diameter 
of  a  wire.  Diameter  of  No.  34  wire  is  twice  that  of  No.  80  wire,  there- 
fore its  resistance  is  one  quarter  as  great. 

The  resistance  of  platinum  is  O.SO  times  that  of  copper,  while  the 
resistance  of  iron  is  6.62  and  that  of  Gorman  stiver  is  13^  limes  that 
of  copper. 
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Inf. 

LIGHT 

L  LiesT  IB  SraAioHT  Limbb. 
Lnvi  of  Inverse  Sqitaret. 

Experiments  1  and  la.    Fig.  1. 
Vimiat  Angle. 

Fig.  3. 
Light  through  Small  Aptrtttrea. 

Ezperiroeat  2.    Fig.  S. 
Shadotet, 
Eiperiment  S  and  Bxercise  4     Fig.  4. 
IL  Rbflectioh  of  Lioht. 
IHane  Mirror*. 
Experiment  S,  and  Exercises  6,  T,  and  B.    Figs.  6,  6,  7,  8, 
and  9. 
Curved  Mirror*. 
Experiment  9,  and  Exercises  10,  11,  13,  and  18.    Figs.  10, 
11.  and  13. 
Phatee  of  the  Moon. 
III.  Refkaction  of  Liost. 
Index  of  Jtefraction. 

Eiperiment  14.    Fig.  14. 
Enlarged  Image*  By  Refraction. 
Eiperiment  15. 

EiperimenU  16, 17, 18, 18.  30,  and  21.    Fig.  16. 
The  Spetirum. 
Elperimeat  33. 
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I.  LIGHT  IN  STRAIGHT  LINES* 

Law  of  Invme  Bqnam. 

ExpEEiMENT  1.— Place  a  cardboard,  X,  having  in  it  a 
bole  wbich  is  either  a  square  1  inch  in  diameter,  a  circle  1 
inch  in  diameter,  or  a  triangle  1  inch  on  a  eide,  2  inches  in 
front  of  a  candle 
flame.  Place  a 
screen  whose  snr- 
face  is  ruled  in 
square  inches,  % 
inches,  4  inches, 
and  6  inches  be- 
hind X.  Notice 
how  large  a  por- 
tion of  the  screen  is  iUnminated  in  each  case.  Note  also 
the  shape  of  the  patch  of  light.  Draw  to  a  scale  the  square 
pyramid,  the  triangular  pyramid,  or  the  cone  of  light  to 
illustrate  your  experiment.     {See  Fig.  1.) 

It  mast  be  remembered  that  light  is  going  out  from  the 
candle  flame  in  all  directions,  but  we  are  considering  only 
those  rays  wbich  get  through  the  opening  in  X. 

What  must  be  the  relative  inteneity  of  the  illumination 
when  the  screen  is  held  directly  behind  X,  2  inches  behind 
X,  4  inches  behind  X? 

Where  would  it  be  neceaaaiy  to  place  one  candle  in 
order  that  it  should  give  as  much  light  as  four  candles? 
Test  your  prediction  by  an  experiment. 

What  would  be  the  candle  power  of  a  light  which  gives 
as  much  illumination  at  a  distance  of  20  feet  as  a  candle 
does  at  1  foot? 

If  an  observer  were  sitting  90  feet  from  a  stage,  how 
large  a  portion  of  it  would  he  obscured  from  him  by  an 
object  6  inches  broad  3  feet  in  front  of  him  ? 

•  ConBidernhle  portions  o(  this  chapter  on  light  bave  been  taken 
from  WoodhuH's  First  Course  in  Science,  with  the  permlBsion  of  tho 
publishers,  Messrs.  Henry  Holt  &  Co.  (New  Tork). 


I,  Google 


PHYSICAL  EXPEBIMENTS  81 

ExPEBiHEKT  la. — Bepe&t  Experiment  1,  asing  sunlight 
in  place  of  the  candle,  and  varying  the  distance  of  the 
screen  behind  X  Try  holding  the  screen  sereral  feet  back 
of  X.  Do  the  rays  of  sunlight  diverge  as  the  rays  of  light 
from  the  candle  Q»me  ?    Why  P 


Tinul  Angle. 

In  Fig.  3,  m  and  n  represent  the  npper  and  lower  ends 
of  an  object.  The  angle  which  the  line  of  light  m  e  ind  m  e 
make  at  the  eye,  e,  is  called  the  visual  angle.    Large  ob- 


jects near  to  the  eye  subtend  a  large  visual  angle.  Large 
objects  far  from  the  eye  subtend  a  small  visual  angle. 
How  does  this  help  us  to  estimate  the  size  of  an  object  by 
its  distance  from  us,  and  the  distance  of  an  object  from  as 
by  its  size  ? 

The  moon  is  about  310,000  miles  distant  from  the  earth 
and  the  sun  about  92,500,000  miles,  but  they  both  subtend 
for  us  about  the  SEune  visual  angle.  How  must  their  diam- 
eters compare  with  each  otherp 

If  in  Fig.  3  the  lines  em  and  en  diverged  at  the  rate  of 
1  mile  in  every  111,  they  would  be  as  far  apart  as  the  dis- 
tance across  the  moon  if  extended  to  the  moon.  What 
must  be  the  moon's  diameter  if  it  is  310,000  miles  distant  P 
What  must  be  the  diameter  of  the  sun  if  it  is  93,500,000 
miles  away,  and  subtends  the  same  visual  angle  as  the 
moonP 
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light  through  Small  ApertnrM, 

ExPERiUENT  3. — Substitute  for  cardboard  X,  used  in 
Experiment  1,  a  cardboard  having  in  it  a  hole  aboat  0.1  inch 
in  diameter.  Hold  this  about  1  inch  from  the  candle  flame, 
and  holding  the  screen  directly  behind  the  cardboard,  move 
it  slowly  away  from  it  to  a  distance  of  about  4  or  fi  inches. 


antil  a  distinct  image  of  the  candle  Same  appears  npon  the 
screen.  Why  ia  it  inverted  ?  Why  is  it  enlarged  ?  (Befer 
to  Fig.  3.) 

What  portion  of  the  screen  is  lighted  by  the  point  x? 
By  the  point  y?  It  must  be  remembered  that  we  are  con- 
sidering only  BO  much  of  the  light  from  the  point  x  as  goes 
through  the  opening.  Why  ia  it  not  possible  to  see  aronnd 
a  comer  ? 
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Experiment  3. — Eepeat  Experiment  1,  Bubstituting  for 
cardboard  X  the  Bqnare,  circle,  or  triaiigle  cut  from  its  cen- 
ter. Fig.  4  repiesentfi  the  case  in  which  the  square,  c  d,  was 
held  %  inches  from  the  candle  flame,  and  the  screen  3  inches 
behind  the  square ;  a  b  represents  the  candle  flame,  whose 
length  is  estimated  to  be  1  inch. 


What  portion  of  the  screen  receives  no  light  from  the 
flame  P  This  is  called  the  umbra.  What  portion  receives 
no  light  from  a?  From  i?  What  about  the  portions  eg 
add /A?  They  are  called  the  penumbra."  What  about  the 
portions  above  e  and  below/? 

What  must  be  the  length  of  the  portions  ejr,jr  A,  and  kf? 

Suppose  the  candle  flame  were  reduced  to  the  point  F, 
what  would  be  true  of  the  umbra  and  penumbra? 

Shadows  cast  by  electric  lights. 

What  would  be  the  effect  on  the  umbra  and  penumbra 
of  moving  c  d  nearer  to  or  farther  from  the  sonrce  of  light  ? 

Exercise  1. — Draw  a  figure  similar  to  Fig.  1  to  repre- 
sent the  shape  of  the  umbra  and  penumbra  when  the  source 
of  light  is  larger  than  the  object  casting  the  shadow. 
Make  the  candle  flame  1  inch  long  and  the  object  0.6  inch. 

What  must  be  the  shape  of  the  moon's  and  the  earth's 
shadows  as  cast  by  the  sun  ? 

About  how  long  mnst  their  shadows  be  if  the  diameter 
ol  the  sun  is  860,000  miles  ? 

Evil  pees, 
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Flute  Mirton. 

ExPERiHENT  5.     Part  1, — Fig.  6  Tepreaents  a  fdece  of 

bright  tio  or  Dickel,  which  m&y  serve  tor  s  mirror;  cdisa 

scratch  on  its  face 

perpendicalar  toab, 

its  base.     Set  the 

mirror  on  a  blank 

page    and    draw    a 

line  along  its  base, 

marking  the  point 

d  where  the  line  c  d 

toaches  the  paper. 

Fio.  B.  Draw  a  perpendicn- 

lar,  dg,  from  the 

point  d,  and  extend  it  aboat  3  inches. 

Beterriug  to  Fig.  6,  set  up  a  small  object  (a  pin  is  con- 
venient) as  nearly  vertical  aa  poseible  at  any  point  {1)  out- 
side of  the  line  dg.  Place  the  eye  on  a  level  with  the 
paper,  and  in  such  a  posi- 
tion that  the  image  of  this 
pin  shall  appear  behind  the 
mirror  exactly  in  line  with 
d,  and  set  np  a  second  pin 
in  front  of  the  eye  so  as  to 
appear  exactly  in  line  with 
the  image  of  the  first  pin 
and  with  d.  Remove  the 
mirror  and  draw  lines  from 
d  to  pins  (i)  and  {S).  Ex- 
tend each  of  these  lines  to  exactly  the  same  length,  say  two 
inches,  and  place  the  letters  /  and  e  at  their  extremities. 
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Measare  as  accurately  as  possible  the  diatance  each  of  these 
lines  has  departed  from  the  perpendicalar  at  these  points. 
Becord  the  results  after  the  folloving  manner,  calling  the 
distance  of  /  from  the  perpendicular  /  j?,  and  that  of  e 
from  the  perpendicalar  ep : 


=  1.016  +  (a  supposed  case). 


ep      1.626 

The  angle  subtended  \>j/p  is  called  the  angle  of  inci- 
dent, and  that  subtended  by  sp  is  called  the  angle  of  reflec- 
tion. Ueasure  these  angles  in  degrees  with  a  protractor. 
Repeat  the  observations  and  measurements  a  number  of 
times,  changing  the  positions  of  the  pins  each  time ;  average 
the  results,  and  if  you  discover  any  fixed  ratio  between  the 
angles  of  incident  and  reflection,  state  it  as  a  law. 

Past  3. — Make  a  general  statement  describing  the  posi- 
tion which  &n  image  seen  in  a  mirror  appears  to  occupy 
with  reference  to  the  position  which  the  object  actually  oc- 
cupira. 

Test  your  conclusion,  which  yon  should  look  upon  as 
only  an  hypothesis  until  it  has  been  tested,  by  replacing  the 
mirror  and  pin  (i)  to  the  first  position,  and  place  the  eye 
so  that  the  image  of  the  pin  shall  be  seen  in  the  mirror  a 
little  one  side  of  the  line  c  d.  Hold  the  eye  rigidly  in  posi- 
tion and  make  two  or  three  pin-pricks  upon  the  page  between 
the  eye  and  the  mirror  to  mark  the  direction  from  the  eye 
to  the  position  of  the  image  (i').  Bepeat  this  for  two  or 
throe  positions.  Eemoye  the  mirror  and  draw  linos  tfarongh 
the  pin-pricks  to  a  &  and  extend  them  in  the  same  direction 
behind  the  mirror  by  dotted  lines.  Do  these  all  pass 
through  the  same  point  behind  the  mirror?  So  long  as  the 
object  (i)  remains  stationary,  however  much  the  eye  may 
move,  does  the  position  of  the  image  (i')  remain  fixed? 
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ExSBCiaE  6. — Applying  the  principle  which  yon  have 
jnst  laid  down,  complete  the  diagram  (Fig.  ?)  without  the 
aid  of  the  mirror  or  pins,  showing  where  the  image  of  the 


ohject  m  » lyoald  appear  behind  the  mirror  a  h  when  the 
eye  is  stationed  at  e.  Draw  the  lines  of  light  from  the  ex- 
tremitiee  m  and  n  of  the  object  to  the  eye,  e,  showing  at 
what  points  they  are  reflected  from  the  mirror.  Represent 
the  angles  of  incident  and  reflection  made  by  each  ray  of 
light.  Extend  the  lines  of  vision  to  the  extremities  m'  and 
«'  of  the  image. 

Having  drawn  the  figure  as  you  think  it  onght  to  be, 
test  its  correctness  by  using  the  mirror  and  an  object  and 
applying  them  to  the  figure ;  in  which  case,  of  course,  it 
will  be  impossible  to  put  the  eye  at  e,  bat  it  may  be  put 
farther  back  in  the  direction  of  n'  e,  and  when  it  is  foand 
what  position  the  image  of  the  point  n  occupies,  the  eye 
may  be  moved  so  as  to  look  in  the  direction  em',  and  thus 
the  position  which  the  image  of  the  point  m  occnpiea  may 
be  found.  Pins  may  be  set  up  at  m  and  n  to  represent  the 
extremities  of  an  imaginary  object,  or  a  sliver  of  wood  may 
be  cut  the  proper  length  and  laid  upon  the  figure  m  n. 

Does  the  image  of  an  object  seen  in  a  mirror  appear  to 
be  inverted  or  reversed  P  Try  holding  a  printed  page  before 
a  mirror. 
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ExEBCiBE  7. — Suppose  yoa  live  at  e  (Fig.  8),  and  acroBB 
the  street  at  a  d  ia  a  show  window  which  serves  as  a  mirror ; 
m  R  ia  a  Btreet  car  passing  np  the  avenue.  Complete  this 
diagram,  showing  where  the  image  m'  n'  will  appear  to  be 


located,  and  showing  the  direction  in  which  the  image  will 
appear  to  he  moving. 

Where  most  a  placard  be  hung  upon  the  show  window 
to  hide  the  point  n  from  your  ™ion  ? 
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EXEBCISE  8. — tn  n  (Fig.  9)  repreaente  a  lead  pencil  whicli 
yon  hold  in  your  mouth  so  that  an  end  projects  on  either 
side ;  e  representa  the  position  of  one  of  your  eyes,  the 


other  being  cloaed  meanwhile ;  a  ^  is  a  mirror  in  which  yon 
see  the  image  of  the  lead  pencil.  The  purpose*  of  holding 
it  in  your  month  is  to  insure  that  it  shall  he  abont  the 
same  distance  as  your  eye  from  the  mirror  while  you  are 
taking  the  observation.  Cut  a  strip  of  paper  just  long 
enough  to  hide  the  imt^e  of  the  pencil  when  laid  upon 
the  mirror. 

What  difference  would  it  make  in  the  result  if  your  eye 
were  nearer  to  or  farther  from  the  mirror  than  the  pencU 
was?  Try  it  by  tipping  your  head  back  and  forth  while 
performing  the  experiment. 

How  long  and  broad  must  a  hand  mirror  be  to  just  show 
your  whole  face  ? 

What  is  the  shortest  mirror  in  which  you  may  see  yonr 
whole  person  P 

Does  your  distance  from  the  mirror  moke  any  difference 
with  the  result? 
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Curved  lEimtn 

ESPEBIMENI 9. — Repeat  part  1  of  Experiment  5,  nsing  a 
strip  of  tic,  nickel,  or  other  bright  metal,  curred  bo  ae  to 
form  the  arc  of  a  circle  with  a  radius  of  about  6  inches. 
Try  both  the  concave  and  convex  side  of  the  mirror.  State 
whether  the  ratio  between  the  angle  of  incident  and  reflec- 
tion is  the  same  for  curved  as  for  plane  mirrors. 

ExEBCiSE  10. — Suppose  c  c"'  (Fig.  10)  is  the  arc  of  a  cir- 
cle of  which  d  is  the  center,  and  the  curved  mirror  is  placed 
upon  this  arc,  an  object  is  placed  at  m  n  and  the  eye  at  e. 
The  ray  of  light  from  m  is  reflected  to  the  eye  at  the  point 


c,  that  fromo  at  c',tTomp  at  c",  and  from  n  at  c'".  Com- 
plete the  diagram,  making  it  show  the  position  of  the  image 
m'  o'  p'  n',  its  shape  and  its  size ;  also  the  angles  of  incident 
and  reflection  for  each  of  the  four  rays.  Measure  these 
angles  with  yonr  protractor  to  determine  whether  the  figure 
is  correct.  Test  the  truth  of  your  conclusion  by  holding 
the  curved  mirror  before  yonr  face  and  bringing  a  email 
object,  m  n,  between  your  face  and  the  mirror. 
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ExEROiSB  11. — Turn  the  mirror  about,  using  still  the 
coucave  side,  bo  that  the  plane  of  the  curve  ehall  be  verti- 
cal, and  moving  it  to  and  fro  before  the  face,  watch  the 
changes  in  your  image  continoally.  Let  mn  (Fig.  11)  rep- 
resent a  vertical  line  across  the  face,  e  the  position  of  the 


eye,  a  b  the  mirror,  d  the  center  of  the  curve,  and  e  and  c' 
the  places  upon  the  mirror  where  the  rays  of  light  from  the 
points  m  and  n,  respectively,  are  reflected  to  the  eye.  Com- 
plete the  diagram,  showing, by  lines,  the  courses  which  rays 
of  light  from  m  and  n  must  take  in  order  to  reach  the  eye 
by  reflection  from  the  mirror,  shoving  also  the  position  and 
relative  size  of  the  image  m'  n'. 

The  mirror,  as  you  have  just  used  it,  was  curved  verti- 
cally, hut  straight  horizontally.  Does  it  give  a  direct  or  an 
inverted  image  ?  When  near  to  or  far  from  the  (ace  P 
Does  it  give  an  enlarged  or  a  diminished  image?  Is  the 
image  affected  horizontally  in  the  same  way  as  it  is  verti- 
cally ?  Suppose  it  were  concave  in  all  directioi^  like  a  por- 
tion of  the  shell  of  a  sphere — i.  e.,  like  a  lamp  reflector — in 
what  respect  would  it  give  different  images  from  those  you 
have  just  obtained?    Try  it  with  a  lamp  reflector. 
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ExEBCJBE  13. — Turn  the  convex  side  of  the  tin  mirror 
need  in  the  previous  exercises  toward  your  face  vith  the 
plane  of  curvature  vertical.  Move  it  to  and  fro,  noting  as 
before  changes  in  the  appearance  of  the  image.  Complete 
diagram  13,  in  which  f»  n  represents  a  vertical  line  across 


the  face,  e  the  eye,  a  b  the  mirror,  d  the  center  of  curvature, 
c  and  c'  the  places  upon  the  mirror  where  the  rays  of  light 
from  the  points  m  and  n,  respectively,  are  reflected  to  the 
eye.  Show  by  lines  the  coursoB  which  rays  of  light  from  m 
and  n  take  in  order  to  reach  the  eye  by  reflection  from  the 
mirror.  Show  also  the  position  and  relative  size  of  the 
image  m'  n'. 

Does  the  mirror  as  you  have  juat  used  it  give  a  direct 
or  an  inverted  image  P  An  enlarged  or  a  diminished  image? 
Is  it  affected  horizontally  in  the  same  way  as  it  is  verti- 
cally? Suppose  it  were  convex  in  all  directions  like  the 
back  side  of  the  lamp  reflector,  in  what  respect  would  it 
give  different  imagea  than  those  you  have  just  obtained? 
Examine  your  face  in  the  bowl  of  a  bright  silver  spoon, 
using  both  the  concave  and  convex  surfaces.  Why  does 
the  image  of  your  face  appear  long  and  narrow,  or  short 
and  broad,  as  the  case  may  be?  When  docB  the  image 
of  a  straight  object  appear  curved  as  seen  in  a  curved 
Durror? 
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ExBBOtBB  13. — Place  the  carved  mirror  apon  a  sheet 
of  white  paper,  and  place  a  lighted  candle  upon  the  concave 
side  of  it  about  6  or  8  inches  distant  from  it.  If  the  candle 
IB  a  little  taller  than  the  mirror,  bo  mnch  the  better.  Note 
how  the  rays  of  light  upon  the  paper  converge  to  a  point. 
Note  the  effect  of  moving  the  candle  nearer  the  mirror. 

FhsMf  of  the  Koon. 

From  what  does  the  moon  get  its  light  ?  Can  an  object 
be  seen  at  all  nnless  it  either  reflects  or  prodaces  light  ? 

Explain  by  a  diagram  the  phases  of  the  moon.  Desig- 
nate it  as  Fig.  13. 


III.  KEFKACTION  OF  LIGHT 

Index  of  SefraotLon. 

EXFEBiUENT  14. — Fig.  li  repre- 
Benta  the  base  of  a  glass  cube,  each  as 
is  used  for  paper  weights ;  a  and  o  rep- 
resent the  points  where  scratches  on 
the  face  of  the  cube  touch  the  paper ; 
io  is  drawn  through  o  perpendicular 
to  the  opposite  sides  of  the  diagram. 

Place  such  a  cube  in  the  middle  of 
a  blank  page,  draw  the  outline  around 
its  base,  and  mark  the  points  a  and  o. 
Hemove  the  cube  and  draw  the  per- 
pendicular b  0,  and  extend  it  to  a  point 
d,  so  that  0  d  shall  at  least  be  as  long 
as  0  5.  Replace  the  cube,  taking  great 
care  to  make  the  lines  a  and  o,  which 
are  drawn  upon  the  glass,  stand  exactly  over  the  points  so 
marked  upon  the  diagram.  Set  a  pin  vertically  at  b  and 
another  at  any  point  upon  the  lino  o  d,  and  place  the  eye 
behind  it  on  a  level  with  the  plane  of  the  paper.  If  the 
appamtUB  and  the  drawing  are  correct,  this  pin,  the  line  o. 
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and  the  pin  b,  will  be  seen  to  be  exactly  in  a  straight  line. 
Place  the  eye  in  such  a  position  that  a  shall  seem  to  be 
exactly  behind  o.  While  the  eye  is  held  rigidly  in  line  with 
a  and  0,  place  a  pin  in  front  of  it  to  mark  the  direction 
from  0  to  the  eye.  BemoTe  the  cube  and  draw  a  line  from  a 
to  0  and  from  0  to  the  pin,  and  extend  this  latter  line  so  as 
to  make  it  exactly  equal  to  a  0.  Mark  the  extremity  of  it  e. 
What  does  the  line  aoe  as  it  appears  npon  your  dia- 
gram indicate  about  the  ray  of  light  which  passed  from  a 
to  your  eye?  This  is  refraction.  Was  the  ray  of  light 
which  passed  in  the  direction  bod  refracted  ?  Note  that 
the  line  bod  is  porpendicalar,  and  the  line  a 0  is  oblique  to 
the  side  of  the  cube.  Measure  with  great  care  the  perpen- 
dicular distance  from  e  to  the  line  0  d.  Call  this  ep.  Also 
measure  the  distance  from  aUib.  Compare  these  two  meas- 
urements to  find  out  how  much  more  the  line  oe  divergea 
from  the  perpendicular  b  d  than  the  line  0  a  does.  Express 
it  as  follows : 


Your  measurements  will  furnish  figures  to  take  the  places 
of  the  dots.  This  furnishes  a  means  of  telling  how  much  a 
ray  of  light  is  bent  in  passing  from  one  medium  into  another 
obliquely  to  the  surface  between  the  two,  and  is  therefore 
called  thei'n^feco/'rfl/rarfton.   It  differs  with  different  media. 

Place  a  dot  a  short  distance  from  the  cube  beyond  a, 
where  you  think  a  ray  of  light  would  pass  in  taking  the 
coarse  aoe.  Mark  the  dot  g.  Then  test  your  conclusion 
by  replacing  the  cube,  putting  pins  at  g  and  a,  and  sighting 
through  to  see  whether  the  four  points  g,  a,  0,  and  e  appear 
in  a  straight  line.  If  the  position  which  you  first  chose 
for  g  is  found  not  to  be  correct,  mark  it  g\  and  mark  the 
position  which  yon  select  for  trial  g'. 

Measure  the  index  of  refraction  for  the  ray  jao  at  a. 
Record  the  results  as  before. 

Formnlate  a  law  for  the  refraction  of  light  as  it  passes 
obliqnely  from  air  into  glass. 
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EnU^od  LnagM  by  Kefrutton. 

EiFEBiHEHT  15. — Cat  ft  Small  strip  of  paper  four  tenths 
of  an  inch  wide.  Moisten  it  and  stick  it  lengthvise  upon 
the  face  of  a  prism.  Let  the  lower  end  of  the  strip  of 
paper  extend  to  the  lower  end  of  the  prism.  Place  the 
prism  on  end,  having  the  face,  marked  by  the  strip  of  paper, 
toward  the  top  of  the  page.  Draw  an  outline  around  the 
prism  and  put  dots,  m  and  n,  at  the  points  where  the  ver- 
tical edges  of  the  strip  of  paper  meet  the  page.  Place  the 
eye  at  the  bottom  of  the  page  so  that  m  shall  be  seen 
through  one  and  n  through  the  other  of  the  remaining 
faces.  Hold  the  eye  rigidly  in  position,  and  make  two  or 
three  pin-pricks  upon  the  page  to  mark  the  path  which  the 
ray  of  light  takes  in  passing  from  m  to  the  eye,  and  like- 
wise two  or  three  to  mark  the  path  of  the  ray  from  n  to 
the  eye.  Estimate  the  width  of  the  strip  of  paper  as  seen 
thus  through  the  prism,  and  record  your  estimate.  Re- 
move the  prism  and  draw  lines  from  the  bottom  of  the 
page  through  the  pin-pricks  to  the  outline  of  the  prism, 
and  then  to  the  points  m  and  n  to  represent  the  lines  of 
light.  Extend  the  lines  which  were  drawn  from  the  bot- 
tom of  the  page  to  the  prism,  straight  through  the  diagram 
to  the  opposite  side  of  it,  and  mark  their  extremities  m' 
and  n'.  These  latter  should  be  dotted  lines,  to  indicate 
that  they  represent  the  apparent  path  which  the  rays  of 
light  took  in  passing  from  m  and  n  to  the  eye.  Measure 
very  carefully  the  distance  m'  n'.  How  does  it  compare 
with  your  estimate  P  Compare  it  with  the  distance  m  m 
thus: 


win       

How  many  times  was  the  object  magnified?    Designate 
this  diagram  as  Fig.  15. 
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ExFEBiHEifT  16. — To  iUustrote  how  reversed,  as  vfell  as 
enlarged  images  may  be  produced  by  refraction.  TJae  a 
cylinder  of  glass  about  two  inches 
in  diameter,  or  a  round  bottle 
containing  water.  Fig.  16  rep- 
reeents  the  base  of  the  cylinder 
which  is  to  be  outlined  upon 
a  blank  page,  and  the  points 
a  and  b  represent  where  lines 
drawn  upon  the  glass  touch  the 
paper.  Draw  the  line  a  b,  and 
through  its  middle  point  draw 
the  line  xy  perpendicular  to  ab. 
Extend  it  severt^  inches  on  either 
side  of  the  diagram.  Set  up  pins 
at  X  and  y,  and  place  the  eye  in 
such  a  position  that  y  shall  ap- 
pear to  be  exactly  behind  a:. 
While  holding  the  eye  rigidly 
in  this  position,  make  two  pin- 
pricks between  the  cylinder  and 
the  eye  to  mark  the  path  which 
the  ray  of  light  takes  in  coming 
from  b  through  the  cylinder  and 
then  to  the  eye ;  also  two  pin- 
pricks to  mark  the  path  of  the 
ray  of  light  which  comes  from  a 
to  the  eye.  Also  make  a  pin- 
prick  behind  the  cylinder  to 
mark  the  path  of  the  ray  e  b 
Pia.  le.  beyond  b,  and  one  to  mark  ea 

beyond  a. 
Bemove  the  cylinder  and  draw  a  line  through  the  pin- 
pricks from  the  bottom  of  the  page  to  the  diagram,  then  to 
a  and  then  through  the  pin-prick  behind  a.    In  the  same 
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manner  draw  the  line  edbg.  Note  bow  refraction  causes 
the  rays  to  cross  each  other  beyond  the  cylinder,  or  lenB. 
Set  up  an  object  at  m  a  and  see  if  it  appears  to  extend  to 
m'  »'  when  seen  through  the  lens.  Remove  the  same  object 
to  the  position  op.  Does  it  appear  inverted  and  enlarged 
OB  o'p'?  If  the  object  is  moved  nearer  totbe  lens  thanmn 
or  farther  from  it  than  op,  it  does  not  appear  as  large. 
Why?  How  does  it  behave  in  various  positions  between 
m  n  and  op  ?    Why  ? 

How  would  you  determine  the  amount  of  refraction  of 
these  rays  of  light  at  the  points  a,  b,  c,  and  d? 

Does  this  cylinder  when  in  the  upright  position  magnify 
vertically  as  well  as  horizontally  ?    Try  it. 

The  point  h,  where  the  lines  a.m  and  S  n  intersect,  may 
be  called  a  focus,  and  the  position  which  the  eye  occupied 
— i.  e.,  the  point  where  these  lines  of  light  intersect  upon 
the  other  side  of  the  bottle — may  be  called  a  focus  also. 
How  would  it  affect  the  position  of  the  focus  h  if  the  focua 
e  were  moved  nearer  to  or  farther  from  the  bottle?  Try  it. 
Foci  that  are  thus  the  companions  of  each  other  are  called 
conjugate  foci. 

What  is  a  principal  focus? 
-  EsFERiUEKT  17. — Fill  a  bottle  full  of  water,  cork  it,  and 
bold  it  in  the  sunlight.    Hold  a  screen  a  short  distance 
behind  it.     Is  the  light  converged  to  a  point  or  a  band  ? 
Why? 

KxPEHiMENT  18. — Esamine  a  lens  furnished  you  and 
predict  how  it  will  converge  rays  of  sunlight.     Try  it. 

Measure  the  distance  of  the  principal  focus  from  your 
lens.     Becord  it. 

Experiment  19. — Beat  together  two  blackboard  erasers 
in  the  sunlight,  so  as  to  produce  a  cloud  of  dust  and  hold 
your  lens  in  it.  Xote  how  the  lens  afEecte  the  rays  of 
light. 
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ExPEBiUENT  20. — Place  it  screen  facing  a  window  of 
the  room,  and  on  the  side  of  it  toward  the  window  your 
lens  at  ita  focal  distance.  Note  a  clearly  defined  picture 
of  objects  ontside.  Place  a  lighted  candle  and  the  lens  on 
the  side  of  the  screen  which  is  turned  away  from  the  win- 
dow. Moye  the  lens  back  and  forth  until  a  clearly  defined 
pictnre  of  the  candle  fiame  is  seen  upon  the  screen.  Move 
the  candle  nearer  to  the  lens.  How  does  it  aSect  the  fo^ 
distance  ? 

Draw  a  diagram  to  lllnstiate  how  a  lens  forms  a  picture. 
Call  it  Fig.  17. 

EsPERiHENT  21. — Put  a  drop  of  water  upon  a  window 
pane.  Look  through  it  for  a  picture  of  the  ontside  world. 
If  the  aan  is  shining  upon  it,  hold  a  piece  of  paper  behind 
it  and  find  its  focus  for  sunlight.  Similar  illustrations  can 
be  found  in  fish  globes  and  in  the  globes  used  in  drag-store 
windows. 

Thb  Bpeotmm. 

To  illugfrate  thai  light  is  composed  of  various  colored 
rays,  all  of  which  have  different  indices  of  refraction,  and 
hence  may  be  s^arated  by  the  prism. 

EsFEKiMENT  22. — Hold  your  prism  in  the  sunlight  so 
that  its  longest  axis  shall  be  horizontal  and  at  right  angles 
with  the  rays  of  sunlight.  Let  the  farther  wall  of  the  ceil- 
ing of  the  room  act  as  a  screen.  Try  holding  the  cardboard 
screen  near  the  prism.  Why  is  the  result  so  different  in 
the  two  cases  ?  The  patch  of  light  of  various  colors  which 
is  seen  upon  the  wall  is  called  the  spectrum.  Which  color 
is  refracted  least?  Name  as  many  of  the  colors  as  you  can 
detect  in  the  order  of  their  refraction. 

Place  a  second  prism  against  the  first.  What  effect  has 
'it  upon  the  spectrum?  Why?  Does  the  sunlight  pass 
through  both  prisms?  See  if  you  can  catch  it  upon  the 
cardboard  screen.  Can  you  use  a  second  prism  to  disperse 
still  farther  the  rays  which  pass  through  the  first  prism  ? 
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Draw  a  diain^m  to  illustrate  how  eaulight  is  broken  in 
passing  throngh  a  prism.    Call  it  Fig.  16. 


QussnoNH 
1.  Looking  out  over  a  Uadscape,  a  schoolhouse  irtaich  was  75  feet 
high  was  found  to  aubteod  the  same  angle  as  a  stidc  1.5  inches  long 
at  a  distance  of  10  inchea  from  the  eye.  A  tree  standing  beside  the 
Bchoolhouse  subtended  the  same  angle  as  the  sticlf  held  30  inches 
from  the  eye.  How  tor  awaj  was  the  schoolhouse  t  How  tall  waa 
the  tree  1 

3.  Which  would  give  a  better  light  for  reading,  a  ten-candle- 
power  lamp  8  feet  from  a  book,  or  two  gas  jets  each  twentj-candle 
power  8  feet  from  the  book  ? 

8.  Wh;  are  the  images  of  trees  and  of  other  objects  seen  in  the 
water  always  inverted  ? 

4.  Why  is  it  impossible  to  have  an  inverted  image  of  your  face 
in  a  ooavfa  mirror  ?  Under  what  conditions  does  the  image  of  a 
straight  object  appear  curved  in  either  concave  or  convex  mirrors  ! 

5.  When  you  look  into  the  bowl  of  a  silver  spoou  why  do  you 
never  Bee  a  direct  image  of  your  face  ?  Why  is  it  always  a  dimin- 
ished image  t 

S.  How  is  the  focus  of  a  curved  mirror  changed  by  a  change  in 
the  position  of  the  source  of  light  ? 

7.  Why  was  it  that  in  our  experiments  with  the  piiem  the  spec- 
trum appeared  only  in  the  last  ? 
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SOUND 

I,   How   SOVHD  IS   PRODUCRD. 

Experiineiita  1, 3,  8,  uid  4. 
II.  Hot  Sound  is  THANSurrrED. 

Eiperimenta  5,  7,  8,  and  9.    Exercise  6.    Fi^.  1. 
ni.  Reflictios  of  Sound— Echoes. 

Exercise  10. 
IT.  Intknsitt  or  Sound  and  Amplitude  op  Vibration, 

Experiment  11. 
V.  Rbsohators. 

Biperiments  13  and  18.    Fig.  3. 
VL  Pitch. 

ExpcTiinenti  14  and  IS.    Exercise  16.    Pig.  3, 

VII.  SlTMPATHBTIC   VlBHATIOWS. 

BiperimenC  IT. 
VIIT.  ViBa*TioK  OF  Steinqs. 
Experiment  18. 
IX.  Tbb  Musical  Scale. 
Exercise  19. 
Questions. 

I.  How  Boimd  is  pTOdneed. 

All  sound^oducing  instruments  art  in  a  state  of  vibra- 
tion and  cause  vibration  in  the  air. 

ExpEBiUENT  1. — Strike  a  tuning  fork,  and  vhile  it  is 
still  producing  sound,  touch  the  pronga  to  the  surface  of 
water  in  a  tnmbler ;  touch  them  to  the  tip  of  your  tongue ; 
touch  them  to  the  edge  of  an  empty  tumbler. 

EXPBBIMENT  3.— Bring  a  pith  ball  against  a  piano  string 
while  it  is  sounding ;  against  the  rim  of  a  bell  while  it  is 
sounding. 
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ExpBRiiTKNT  3. — Blov  through  an  organ  pipe  vhile 
holding  it  near  the  end  of  a  long  glass  tube  containing 
cork  dnst. 

ExpBKiMEKT  4.— Strike  a  bell  while  holding  it  a  few 
inches  above  s  diaphragm  npon  which  cork  dust  has  been 
sprinkled. 

Tremor  of  buildingg  due  to  Tibrationa  of  large  organs. 

II.  How  Soond  It  tnuumitted. 

In  order  that  sound  may  be  heard,  air  or  some  medium 
must  extend  all  the  way  from  the  sounding  body  to  the  ear. 

ExPEBiUENT  6. — King  an  electric  buzzer,  anspended  in 

a  bottle  (Fig.  1) ;  exhaust  the  air,  and  ring  again ;  allov 

the  air  to  enter,  and  ring  again ;  pour  in 

— t-av— some  ether,  and  after  it  has  evaporated 

j/^lL  ^  ring  again ;  fill  the  bottle  with  hydrogen, 

and  ring  again.  In  which  case  was  the 
Bound  most  distinctly  heard  P  In  which 
case  least  distinctly  P 

Exercise  6, — Compare  the  density  of 
air  with  that  of  ether  and  hydrogen. 
Predict  what  would  be  the  effect  of  ring- 
ing the  buzzer  in  a  bottle  of  illuminat- 
ing gas.  In  a  bottle  of  carbon  dioxide 
gas. 

Experiment   7. — Submerge   a   tum- 

"Fio.  1.  bier  in  a  pail  of  water,  and  while  holding 

it  suspended  beneath  the  surface,  strike 

it  with  a  piece  of  metal  bo  as  to  cauBe  it  to  ring.     The 

sound  IB  transmitted  through  the  water  to  the  air   and 

through  the  air  to  the  ear. 

Btriking  stones  together  under  water. 


^ 
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ExPEBiUENT  8. — Fasten  the  opposite  ends  of  a  long  wire 
into  the  bottoms  of  cigar  boxes  or  large  pasteboard  boxes, 
and  bold  one  box  against  the  ear  while  some  one  taps  upon 
the  box  at  the  further  end  of  the  wire.  Hold  the  wire  sus- 
pended freely  throagbout  its  entire  length. 

The  acoustic  telephone.- 

ExpEBiKENT  9. — Hold  ono  end  of  a  meter  stick  to  the 
ear  while  some  one  scratches  with  a  pin  on  the  other  end. 

HI.  Sefieetlon  of  Soimd— Eohoea. 

Exercise  10. — How  may  we  calculate  the  distance  of  a 
cliff  or  other  reflecting  object  by  the  echo  ?  (Sound  has  a 
Telocity  of  1,100  feet  per  second.) 

Multiple  echoes. 

Roll  of  thunder. 

Whispering  galleries. 

Acoustic  properties  of  large  audience  rooms. 

IV.  Liteniity  of  Boond  and  Amplitude  of  Tibrstlon. 

.^  ExpEBiMENT  11.— Strike  a 

tuning  fork  first  gently,  and 
then  hard,  and  touch  it  each 
time  to  the  sides  of  a  tumbler. 

V.  Besonaton, 

ExPEBiMENT  IS.— Hold  a 
vibrating  tuning  fork  over  a 
tall  cylinder  about  two  inches 
in  diameter  (Fig,  2)  and  pour 
water  into  the  cylinder  until 
the  air  column  hasbeeu  reduced 
to  such  a  length  that  it  re- 
enforces  the  sound  of  the  tun- 
ing fork  a  maximum  amount. 
Measure  the  length  of  the  air  column.  When  a  prong  of 
the  tuning  fork  makes  a  complete  excursion  to  and  fro  it 
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18  called  one  Tibration.  Why  does  fonr  times  the  length  of 
air  oolnmn  represent  the  wave  length  of  the  tone  of  the 
tuning  fork  ?  Knoving  the  number  of  vibrations  the  tun- 
ing fork  makes  per  second,  how  would  you  calculate  the 
velocity  of  sound  ?  How  do  the  number  of  Tibrations  affect 
the  wave  length  ? 

Velocity  of  sound  in  air,  liquids,  aolids. 

Velocity  of  Bound  affected  b;  temperature,  moteture,  etc. 

ExPEEiMEKT  13. — While  a  tuning  fork  ia  vibrating, 
bring  its  stem  firmly  against  the  table  top. 
Sounding- boarda. 

Provision  for  resonators  in  atiinged  instruments. 
Loudness  of  sound. 
Large  and  small  tuning  forks. 

VI.  Pitch. 

ExpEEiMENT  14. — By  blowing  through  the  holes  of  a 
rapidly  revolving  wheel  (Fig.  3),  or  drawing  a  card  rapidly 
over  the  teeth  of  a  saw,  determine  how 
pitch  is  related  to  rapidity  of  vibration. 

Experiment  16. — By  means  of  a  siren 
and  piano,  or  tuning  fork,  determine  the 
number  of  vibrations  which  correspond  to 
a  given  tone. 

Fio.  3.  Exercise  16. — If  a  locomotive  is  rap- 

idly approaching  or  receding  while  blow- 
ing its  whistle,  how  is  its  sound  affected  aa  to  pitch  P 

VII.  Sympothetio  Vibraticnu. 

Experiment  17. — Cause  a  large  tuning  fork  to  vibrate, 
and  rest  its  stem  for  a  moment  upon  a  resonating  box  sup- 
porting another  fork  of  the  same  pitch.  Remove  the  first 
fork  and  listen  for  evidence  that  the  second  fork  has  taken 
up  sympathetic  vibrations. 
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Vm.  ^taratton  of  Staringi. 

Experiment  18. — By  meaaB  of  a  sonometer  find  the 
relation  of  pitoh  to  length,  thickaeee,  and  tension  of  a 
wire. 

Stringed  inatrumenta. 
OTertonea. 
Harmonics. 
Qualitj. 

IX.  TlLe  Xiuloal  Soala. 

ExpEBiMENT  19. — Examine  the  keyboard  of  a  piano  and 
be  able  to  prodnce  the  scale — do,  re,  mi,  fa,  sol,  bi,  si,  do — 
beginning  with  any  given  key. 


QiTKSTioiTB  Airo  Problems 

1.  Why  is  it  neceasarj  to  speak  with  greater  effort  to  be  heard 
on  a  high  mouDtain  than  at  the  sea  level  ? 

2,  Why  is  it  possible  to  hear  so  distinctly  for  a  long  distance 
through  a  speaking  tube  ! 

8.  What  is  an  echo  t  How  far  away  must  a  reflecting  surface 
be  if  sound,  which  travels  at  the  rate  of  1,100  feet  a  second,  returns 
in  3]  seconds  after  it  is  emitted  ? 

4.  What  evidences  are  there  that  pitch  does  not  affect  the  ve- 
locity of  sound  1 

6.  If  sound  travels  at  the  rate  of  1, 100  feet  a  second,  what  is  the 
wave  length  of  a  note  that  makes  613  vibratioDS  a  second  } 

6.  Why  are  tlie  violin,  piano,  and  other  stringed  instruments 
provided  with  sounding-boards  t 

7.  To  what  is  the  sound  in  wind  instruments  due  ?  How  does 
the  length  of  the  instrument  affect  the  pitch  t 

8.  In  what  respect  may  sounds  differ  from  one  another  t  Upon 
what  does  the  quality  of  a  sound  depend  1    Illustrate. 

9.  Why  does  the  addition  of  furniture  and  han^ngs  sometimes 
better  the  acoustic  properties  of  rooms  ? 

10.  Name  some  of  the  principlea  of  sound  that  are  employed  in 
the  tuning  and  the  playing  of  a  stringed  instrument 
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TYPICAL  ENTRANCE  EXAMINATION  QUESTIONS 
USED  IN  AMERICAN  COLLEGES  IN  1900 

From  six  to  ten  guttliont  required.     Time  tdtovxd,  tdtoat  too  hours. 

(a)  Explain  wh;  raindrops  are  spherical,  {b)  The  simultaneous  (all 
of  bullet  and  feather  in  a  vacuum,  (c)  Wh;  oil  irhich  floats  in  water 
win  sink  in  alcohol,  {d)  Wb;  a  suction  pump  will  not  draw  water 
from  a  depth  of  50  feet. 

(a)  Deftne  energy,  (t)  What  is  the  immediate  source  of  energy  in 
a  water  wheel,  a  c look,  a  dynamo  t  (e)  Define  the  unit  of  work,  (d) 
State  the  relation  of  machines  to  energ-y. 

Oivc  an  example  of  each  of  the  three  states  of  matter,  with  a  reason 
for  the  classi&catiun  assigned. 

What  is  meant  by  the  moment  of  a  forre  t  Explain  concisely  why 
such  a  quantity  is  uaefiil,  and  apply  the  principle  in  order  to  explain 
the  Tahie  of  the  lever  aa  a  mechanical  instrument. 

Explain  Ibe  distinction  lietween  mass  and  weight.  Why  does  a 
body  weigh  less  at  the  equator  than  at  the  pole  i  How  could  yon 
find  two  equal  masses  f 

State  the  law  known  as  "  the  parallelt^ram  of  forces." 
\  Define  moment  of  force.     Wtiat  force  in  pounds  applied  at  one  end 
of  a  lever  10  feet  long  will  lift  a  weight  of  2^0  pounds  at  the  olher 
end,  when  the  fulcrum  is  2  feet  from  the  weight  end  t    H,!** 

What  are  the  units  of  mass,  length,  and  volume  in  the  metric  sys- 
tem t    How  are  they  derived  t 

What  is  the  relation  between  mass,  volume,  and  density  I    State 
the  difference  lietween  density  and  specific  gravity. 
N  How  much  work  is  done  in  lifting  5  kilos  vertically  through  500 
cubic  centimeters  t    State  unit  used. 

What  is  the  length  of  a  pendulum  beating  seconds  T  (g  =  080,S 
cubic  centimetera.) 
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Define  wbitt  is  meant  bj  the  center  of  gravity  of  a  bod;. 
What  will  be  the  velocitj  o(  »  free  falling  body  at  the  end  of  the 
fourth  second  t 

How  far  will  a  bodj  fall  free  during  the  fifth  second  of  ila  de- 

(a)  Give  one  method  of  finding  the  density  of  a  liquid. 

(b)  A  floating  cube  of  wood,  3  centimeters  on  a  side,  displaces  20 
cubic  centimeters  of  water.    Find  the  density  of  wood. 

Explain  the  principle  of  a  barometer.  How  does  a  water  barometer 
differ  from  the  common  mercurial  barometert 

Find  the  volume  of  air  at  a  pressure  of  TS  centimeters  which  will 
become  SO  cubic  centimeters  under  a  pressure  of  1S5  centimeters. 

How  can  the  pressure  of  the  atmosphere  be  demonstrated ! 

Why  does  a  body  weigh  less  when  immersed  in  water  than  when  it 
is  in  the  airt 

Upon  what  does  the  pressure  of  a  liquid  against  the  walls  of  a  ves- 
sel depend  T 

What  is  the  law  of  Boyle  and  Uariottet 

Describe  Torricelli's  mode  of  making  a  nearly  perfect  vacuum. 

What  are  the  fixed  points  of  a  thermomoter,  and  bow  are  they  de- 
termined t 

A  brass  rod  at  0°  is  1  meter  long.  What  is  its  length  at  100°,  if 
the  coefficient  of  expansion  for  brass  =  .00003  ) 

ITpon  what  does  the  boiling  point  of  water  depend  t  (Explain.) 
A  mass  of  200  grams  of  a  solid  at  100°  is  dropped  into  500  grams  of 
wal«r  at  10°,  raising  the  temperature  of  the  water  to  18.0°.  Find  the 
specific  heat  of  the  solid. 

(a)  State  the  effects  produced  in  water  by  rise  in  temperature  from 
— G°  to  100°  C.  (b)  Define  coeRlcient  of  expansion,  (e)  Define  specific 
heat,    (d)  What  is  [be  mechanical  equivalent  uf  heat  t 

If  beat  be  applied  uniformly  to  ice  initially  at  —10°  C.  until  tbc 
temperature  of  the  substance  has  risen  to  16°  C,  what  different  effects 
will  be  noted,  and  what  relative  times  will  have  been  occupied  in 
each  process  1 

What  general  relation  exists  between  the  coefficients  of  thermal 
expansion  of  solids,  liquids,  and  gases  f 

How  is  a  mercurial  thermometer  madel 

What  is  the  relation  of  the  Fahrenheit  to  the  centigrade  thermome- 
ter scale  t 

What  is  meant  by  specific  heat  T  What  substance  is  taken  as  the 
standard  T 

(a)  State  laws  of  magnetic  attraction,    (b)  What  is  magnetic  dee- 
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lin&tfont  <e)  Slate  how  a  body  maj  be  electrified  without  contact. 
(d)  State  [lefeots  in  a  simple  galvanic  cell  and  how  remediecl. 

Show  carefully  how  a  LeydeD  jar  ia  charged  and  discharged.  What 
is  the  principle  of  the  electro-magnet  t  Upon  what  does  the  strength 
depend  f 

Describe  some  simple  experiments  which  would  prore  the  laws  of 
electrostatic  attraction,  and  derive  the  unit  of  electricity  therefrom, 
llow  is  aQ  electroscope  charged  by  induction  t 

Explain  the  action  ol  a  galvanic  cell.  What  is  the  difference  be- 
tween  a  Danlell  and  a  Le  Clanche  cellt 

What  is  the  principle  ot  the  galvanomt^ter  t    Describe  one  form. 

State  Ohm's  law,  and  give  an  illustration  of  its  use. 

Explain  in  your  own  words  the  meaning  and  importance  of  Ohm's 
law.  How  can  it  be  utilized  to  find  the  magnitude  of  the  resiatAnce  of 
a  given  wire  t 

A  battery  of  16  cells  in  series  sends  a  current  through  a  galvanome- 
tar  whose  resistance  ia  10  ohms.  If  the  potential  difference  and  resist- 
ance of  each  cell  are  respectively  1.1  volts  and  8  ohms,  what  current 
will  be  indicated  t 

Oive  an  account  of  the  action  called  electrolysis  and  of  the  laws 
which  it  obeys. 

Describe  some  simple  experiments  which  would  illustrate  the  be- 
havior of  electro-magnelic  induced  currents  of  electricity.  Show  (using 
diagrams}  that  the  action  of  the  dynamo  is  based  on  an  application  of 
the  laws  of  thoM  induced  currents. 

Explain  the  principle  of  the  secondary  or  "  storage  "  cell. 

Eiphiin  the  construction  and  operation  of  the  telephone. 

What  is  the  effect  of  a  current  of  electricity  upon  a  magnetic 
needle t 

Describe  a  simple  circuit  for  the  Morse  telegraph. 

What  are  lines  of  force  around  a  magnet  1 

Describe  a  two-liquid  Voltaic  battery. 

(a)  State  laws  of  propagation  of  light,  (b)  Draw  an  image  produced 
by  a  plane  mirror.  <e)  Draw  an  image  produced  by  a  convex  lens. 
{d)  DeBne  dispersion,  conjugate  foci,  virtual  image. 

Tell  how  light  is  propagated.  Show  by  diagram  what  is  meant  by 
index  of  refraction. 

now  is  a  spectrum  formed  1  Upion  what  docs  the  color  of  light 
depend  t 

Eteflne  principal  focus  of  a  lens.  Draw  diagram  showing  the  for- 
mation of  an  image  by  a  double  convex  lens  when  the  object  Is  outside 
the  center  of  curvature.    (Give  reasons  for  your  sketch.) 
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What  two  effects  maf  be  noted  when  light  is  pMS«d  through  a 
prism,  aod  what  esplanution  Diay  be  given  of  themi 

ExpUia  how  an  image  is  lormeil  b;  a  concave  mirror.  When  will 
the  image  be  erect,  when  magnified,  and  when  TiKual  t 

How  do  spectacle  lenses  correct  some  common  defects  of  Tision  t 

What  is  the  cause  of  color  in  bodies  t  What  are  complemeutaiy 
colors  I  Explain  whj  the  effect  produced  on  mixing  two  colors  b  dif- 
ferent from  that  produced  on  mixing  two  pigments  of  the  same  two 

Make  a  diagram  illustrating  the  formation  of  an  image  by  a  con- 
cave mirror. 

Make  a  diagram  showing  the  formation  of  an  image  by  a  convex 

How  are  sound  vibrations  compounded  I  What  is  meant  by  the 
M«r/flrenc«  of  sound  waves  t  Show  how  the  principle  of  interference 
accounts  tor  consonance  and  dissonance  tn  music. 

(a)  Explain  the  propagation  of  vibrations  through  air.  (b)  Define 
a  wave  length,  (e)  Eiplain  echo,  (d)  What  is  the  velocity  of  sound 
in  air,  and  how  determined  f 

What  is  meant  by  reiwnators  in  the  study  of  sound  t  Discuss  the 
apparent  increase  in  the  energy  of  the  sound  due  to  the  presence  of  the 
resonator.    What  practical  use  is  made  of  resonators! 

How  may  each  of  the  notes  of  the  scale  be  successively  produced  on 
a  single  stretched  cord  t 

What  are  the  three  characteristics  of  sound,  and  upon  what  does 
each  depend  )     What  are  beats  t 

How  can  the  velocity  of  sound  in  air  be  determined  t 

What  are  "overtones"  and  "harmonics"! 
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